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Initial tests of a pseudo 1:3 PbZnj/3ilb2/303:PbTi03 ceramic:epoxy
composite shows unusual promise with d33 values up to 1,000 pc/il.

4 (2) Electrostriction

Theoretical calculations have been extended to the fluorite structure
halides CaF2, SrF», and BaFp. This workehas been most important in confirming
new data for the converse measurement technique. Using the new uniaxial com-
pressometer described last year, the full electrostriction tensor has been
measured for CaFp, SrF2, and BaF2. The values are all lower than earlier
direct measurement, but in good agreement with theory. The instrument is now
being used to characterize electrostriction in sodium silicate and alumino-
silicate glasses.

For high permittivity relaxors, work has been completed which clearly
gemonstrates the electrostrictive origin of elastic changes in the relaxor

LZTs.

In a cooperative study with the Dielectrics Center Program, electrostric-
tion nas been used to confirm the superparaelectric origin of the permittivity
in strontium barium niobate and to measure the fluctuating component of the
polarization above the mean Curie temperature.

(3) Conventional Piezoelectrics . .

A phenoinenology for the single cell structure phases in the PbTi03:PbzrQ3
solid solution family has been completed. The theory has now been extended to
the multicell structures involving tilts of the oxygen octahedra. A simple
fourth order expansion in tilt angle permits a qualitative description of
observed properties and a full sixth order presentation gives close quantita-
tive fitting of polarization and tilt behavior.

(4) Preparative Studies -y

In single crystal growth, work has been concentrated upon the
Pbg gBag, 4flb20g bronze compositions close to the morphotropic phase boundary.
New Crystals of KMgF3 and KinF3 have been grown for electrostriction and
third order elastic constant measurement. The fresnoite structure analogue
BaTiGep0g is also being grown to permit study of the unusual ferroic phase
change in this crystal near 0°C.

In ceramic preparation, studies of liquid salt techniques for developing
acicular powders of Pb(K)iibpOg have been completed. In cooperation with the
Dielectrics Center programs, tecnniques are being develoepd for very rapid
firing of relaxor type electrostrictors.
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1.0 INTRODUCTION

This report delineates work carried out on the second year of Contract

No. N00014-82-K-0339, Piezoelectric and Electrostrictive Materials for
Transducer Applications, which is Tacsk II of the contract award. Task I, .
which was performed to further development of the Center for Dielectric |
Studies, is submitted as a separate report. !
In keeping with earlier reports in this sequence, there is a brief
narative description of the major advances which have been accomplished on
contract funds, the bulk of the work has, however, been published or is being
submitted for publication and is carried as appendices to the report in the
form of reprints and preprints of these papers. Again for convenience, the
work is divided into four major sections:
(1) COMPOSITE MATERIALS FOR TRANSDUCER APPLICATIOKS
(2) ELECTROSTRICTION
(3) CONVENTIONAL PIEZOELECTRICS

(4) PREPARATIVE STUDIES.

2.0 A S NTS
2.1 Piezoelectric Composites for Transducer Applications

(a) The development of new water quenched piezoelectric powders in the
PbTiOszsiFe03 solid solution system for the active phase in 0:3
ceramic:polymer composites. The best samples give g, ~ 100 mV¥m/N and dy ~ 50
pC/N comparable to the best 0:3 composites produced by NGK in Japan.

(b) Diced capped PZT polymer composites having d,g, values up to 20,000
n?/N have been fabricated and tested in MRL and at NRL Orlando.

(c) Poling studies have been extended to 0:0:3 composites incorporating

1
.
h
b
3
h,
‘N
#ﬁ a conductive filler phase and a cubes type model developed to describe the
r,

behavior.
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(d) Preliminary evaluation of pseudo 1:3 composites using a lead zine
niobate PbZn1/3Nb2/303 active phase have shown values of d33 up to 1,000 pC/N,
(e) Finite element methods applied to analysis of the stress and
polarization distribution in 3:0 ceramic:polymer composites have yielded

values for dy, and g, coefficients within 10% of measured data.

2.2 Electrostriction
2.2.1 Theoretical Studies

(a) Calculations of electrostriction constant Q, and Q,, for BaF,, SrF
h 44 2 2
and CaF, show good agreement with experimental determinations using the

indirect method, and tend to support these data over the larger values

o S SRl A Tr PP U - VY eib P

determined by direct measurement. Reasonable accord is also observed with the

Bl Aamss

numerically larger third order elastic constaants. The theory still has
problems accounting for the electrostrictive shear constant Qg = Q;1-Qq9 ]

probably due to many body effects in the short range overlap forces.

2.2.2 Experimental Studies

(a) The compressometer discussed in last year’s report has been used to é
measure electrostriction in Ban. Can, SrF2 single crystals.

(b) The system is now being used to characterize electrostriction in
sodium trisilicate and sodium aluminosilicate glasses to observe the effect of
sodium ion relaxation on the electrostrictive behavior. The question which is
to be resolved is whether the equality between direct and converse
electrostriction effects which is based on reversible thermodynamics will
breakdown for the highly dissipative glass system.

(c) A detailed study of the PLZT family compositions near the 65:35

norphotropic phase boundary have confirmed the electrostrictive nature of the

RN Ce e - . e s S
o, - - - LY ’ - - K P . P T T U T -
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strain which accompanies polarization and suggested a new type of current
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controlled "dial a displacement transducer.”

v
3

(d) In cooperation with the Dielectric Center programs, electrostriction

(‘ "-‘
s
[

measurements have been combined with thermal expansion and birefringence

studies to sort out the fluctuating component of polarization in the relaxor

ferroelectrics Ba0_398r0.61Nb206 and Pb(Mg1/3Nb2/3)03.

2.3 Conventional Piezoelectrics

2.3.1 Practical Studies

(a) In a series of studies aimed at stabilizing the perovskite structure
phase in PbZn1/3Nb2/303 ceramics, solid solutions incorporating BaTiOj; and
PbTi03 are being explored. With only 5 mole% BaTiO3 excellent sintered
ceramics have been obtained and studies are now exploring composition near the
morphotropic boundary between rhombohedral and tetragonal ferroelectric
phases.

(b) Cooperative studies with North American Philips Laboratories are
exploring the low temperature properties of the highly anisotropic PbTi04:Sm

piezoelectric compositions.

2.3.2 Phenomenological Studies

(a) The studies initiated by A. Amin in our group to delineate a

phenomenological Gibbs function to describe the whecle family of simple proper

ferroelectrics in this so0lid solution system has now been completed and

published.

- S

(b) Following on from this work a simple model was proposed for the

N,

multicell rhcmbohedral phase, describing the contribution to the free energy

.

by oxvgen octahedron rotation as an expansion using the tilt angle as the

order parameter. A simple expansion up to the 4th power terms permitted a

I

3

b

>

e 3
|
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rigorous family of sclutions and clearly delineated possible descriptions from

the model. One such description is in qualitative agreement with the observed
PZT behavior. .
(c) To improve the simple 4th power model, which only permits second
order rotational transitions, a 6th power term has been added. The simplicity
of the solutions is lost and computer solution is necessary but the fitting to
experimental rotation and polarization data is excellent.
(d) The objective of the initial exercise in the multicell system is now
in sight. By adding the cross terms which couple polarization and strain
(electrostriction) and rotation and strain (rotostriction) the shape changes
associated with the polarized rotated states, i.e. the multicell states, can

be properly described.

2.4 Preparative Studies

2.4,1 Single Crystal Growth

(a) Focus of effort is single crystal pulling has remained with
PbI/xBabe206 tungsten bronze crystals at compositions close to but on the
tetragonal side of the Pb,y gBag 4Nby0g composition.

To aid in the study of the unusual phase change near room temperature,
single crystals of the fresnoite structure Ba2TiGe208 are being pulled from
the stoichiometric melt.

(b) In Bridgeman growth, a sealed ampule technique is being used to grow
crystals of the fluoride analogue perovskite KMnF3 and KMgFj. These crystals
are needed for compressometer studies of the electrostriction behavior and for
measurements of third order elastic constants.

(c) Flux growth has been used to produce mm cube crystals of the

perovskite form of PbZn1/3Nb2/3O3 using excess PbO and 8203 as fluxes. The
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program to improve the growth of Png2/3O3 and Png1/3Nb2/303:PbTiO3
compositions i; continuing.
. Small (mm) size single crystals of PbTiO3:Sm have also been grown with

samarium content up to 10 mole%h,

2.4.2 Ceramic Studies

(a) Preparation of acicular powders by liquid salt processing has been
carried through for compositions in the PbNb,0.:KNbOg system.

(b) In cooperation with the Dielectric Center programs, a new computer
controlled furnace system has been developed which permits rapid firing of
small low thermal inertia samples in highly controlled reproducible firing
cycles,

(c) Efforts have continued to improve preparation facilities for the
many types of ceramic compositions required in both Piezoelectric and
Dielectric programs. New Swako vibratory mill, and a new attritor mill have
been installed, a high energy sonicator for dispersing soft agglomerates in

tape casting formulations is also in use, and new particle size

characterization equipment is on order.

3.0 PUBLICATIONS, PRESENTATIONS, HONORS, AND AWARDS

3.1 Publications
Over the contract pericd from January 1 to December 31, 1984.
1. J. Runt, E.C. Galgoci. Piezoelectric Conposites of PZT and Somne

Semi-Crystalline Polymers. Mat, Res, Bull, 19:253 (1984),

2. J. Runt, E.C. Galgoci. Polymer/Piezoelectric Ceramic Composites:

Polystyrene and Poly (Methyl Methacrylate) with PZT. J._ Appl.__Polymer

ci 29:611 (1984),

RN

rrf LA 4

- . = ~ . RS N

. LT N . - - N . - A . N J
- ST et . g, .. .- - . . - ) - . . . - - - ~ . - - . . . - . R . . - A

P I N P T P DT G I U L WP T U Sy U N S . DRSO, SO, WO T AL Y LY S AR S A DY Vo W Sl S ST, S, | S




S T T e T Y e T W Y N Y R T N N TR Y T v T T W T e oy v R w e = e =

3. PR.E. Newnham, A, Safari, J. Giniewicz, B.H. Fox. Composite Piezoelectric

Sensors., Ferroelectrics 60:15-21 (1984),

4, R.Y. Ting, A. Halliyal, A. Bhalla. Polar Glass Ceramics for Sonar .

Transducers. Appl, Phys, Letters 44:852-854 (1984).
5. A, Halliyal, A, Safari, A.S. Bhalla, R.E. Newnham, L.E. Cross. Grair

Oriented Glass Ceramics for Piezoelectric Devices, J, Amer, Ceram, Soc,

- 67(5):305 (1984).
6. T.R. Gururaja, W.A. Schulze, L.E. Cross, B.A, Auld, Y.A. Shui, Y. Wang.

Besonant liodes of Vibration in Piezoelectric FZT-Polymer Composites with

Two-Dimensional Periodicity. Ferroelectrics 54:183-186 (1984).

¢ 7. A.S. Bhalla, R.E. Newnham. Pyroelectric and Piezoelectric Properties of

i SbSI Composites., Ferroelectrics Letters 3:59 (1984).
2. R.E. Newnham, A, Safari, J. Giniewicz, G. SaCGong. Flexible Composite

Piezoelectric Sensors. Proc. IEEE Ultrasonics Symposium Vol. 501 (1984).

9. S. DaVanzo, A. Safari, R.E. Newnham. Finite Element Modeling of

Perforated PZT Polymer Composites. Ferroelectrics Letters 3:109 (1985).
10, Z.Y. Meng, Y.M., Sun, L.E. Cross, Electrostriction Tensor Components of
Alkaline-Earth Fluoride Single Crystals, Mat. Lett. 2(6a,b):544-546
(1984) .
11, Y. Xi, Z. Chen, L.E. Cross., Polarization and Depolarization Behavior of

Hot Pressed Lead Lanthanum Zirconate Titanate Ceramics, Ferroelectrics

54:163-166 (1984).

12, M.P. Harmer, A, Bhalla, B.H. Fox, L.E. Cross., Electron Microscopy of
Ordered Domains in Lead Scandium Tantalate Pb(Sco.sTa0.5)03. Mat. Lett,
2:278 (1984).

13. K. Uchino, S. Nomura, K. Vedam, R.E. Newnham, L.E. Cross. Pressure
Derendence of the Refractive Index and Dielectric Constant in s

Fluoroperovskite KMgF3. Phys, Rev. B 29:6921 (1984),

T ———— MEENEsas - JOCRODE
a a a . :

- e

- -§ - h . -
R ~ . R .t R - - - -, et P . . e :
A SR T T AR SR RO, ST T S S SO S SV, SOV, L L R SV S 'Y UL, G "W W A S IPUTIE R SN, U VLRI, Do SN PO

PUp———r
1

Pn . B .’t .




14,

15.

16.

17.

18.

19.

20.

21.

22.

Z2,Y. Meng, U, Kumar, L.E. Cross. Electrostriction in Lead Lanthanum

Zirconate Titanate (PLZT) Ceramics. J. Amer, Ceram, Soc, (in press).
T.R. Halemane, M.J. Haun, L.F. Cross, R.E. Newnham. Phenomenoclocgy for
First Order Transitions with Tilted Octahedra. Ferroelectrics (in
press).

L.E. Cross. Dielectric, Piezoelectric, and Ferroelectric Components.
Ceram. Bull, 4:586 (1984).

T.R. Halemane, MuL Haun, L.E. Cross, R.E. Newnham. A Phenomenological
Theory for Phase Transitions in Perovskite Ferroelectrics with Oxygen
Octahedron Tilts. Ferroelectrics 62(3/4):149 (1985).

A. Amin, M.J. Haun, B. Badger, H.A. McKinstry, L.E. Cross. A
Phenomenological Gibbs Function for the Single Cell Region of the
PbZr05:PbTi05 Solid Solution System. Ferroelectrics (in press).

T.R. Gururaja, W.A. Schulze, L.E. Cross, R.E. Newnham. Piezoelectric
Composites for Ultrasonic Transducer Applications. Part I. IEEE_Trans.
on Sonies and Ultrasonics (in press).

T.R. Gururaja, W.A. Schulze, L.E. Cross, R.E. Newnham. Piezoelectric
Composite for Ultrasonic Transducer Applications. Part II. IEEE_Trans.
on Sonics and Ultrasonics (in press).

A, BHalliyal. Study of the Piezoelectric and Pyroelectric Properties of
Polar Glass Ceramiecs. Ph.D. Thesis in Solid State Science, The
Pennsylvania State University (May, 1984).

T.R. Gururaja. Piezoelectric Composite Materials for Ultrasonic

Transducer Applications. Ph.D. Thesis in Solid State Science, The

Pennsylvania State University (May, 1984).




23,

24.

3.2

M. Bliss. An Analysis of the Reaction of Pb0O and szos in Molten Salt
for Use in Grain Oriented Piezoelectric 0:3 Composites. M.S. Thesis in
Ceramic Science and Engineering, The Pennsylvania State University
(August, 1984),

K. Rittenmyer. Electrostriction in Cubic Halide Compounds. Ph.D. Thesis

in Solid State Science, The Pennsylvania State University (May, 1984).

Presentations at National and International Meetings

3.2.1 Invited Papers

J.N. Kim, S.J. Jang, L.E. Cross. Dielectric and Piezoelectric Properties
of PIZT Ceramics from Liquid Helium Temperature to Room Temperature.
86th Annual Meeting American Ceramic Society, Pittsburgh, PA, April 29 to
May 3, 1985,

R.E. Newnham. Composite Piezoelectric Transducers. Acoustical Society
American Meeting, Norfolk, VA, May 7-9.

R.E. Newnham. Structure Property Relations in Multilayer Capacitors.
American Cryst. Assoc. Meeting, Lexington, KY, May 21-2§.

R.E. Newnham. Structure Property Relations in Sensor Materials.
International Union of Crystallography Meeting, Hamburg, Germany, August
9-18.

R.E. Newnham. Composite Electroceramics. Lehigh University Kraner
Symposium, September 17.

R.E. Newnham. Composite Electroceramics. 2nd U.S.:Japan Seminar on

Dielectric and Piezoelectric Ceramics. Williamsburg, VA, November 4-7,
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10.

11,

12.

3.2.2 Contributed Papers

86th Annual Meeting of the American Ceramics Society, Pittsburgh, PA,
April 29 - May 3, 1985

A, Balliyal, A.S. Bhalla. Glass—Ceramics: New Materials for Hydrophone
Applications.

J.R. Giniewicz, A. Safari, R.E. Newnham. PbTi03-BiFeO3 as a
Piezoelectric Composite Material.

G. SaGong, A. Safari, S.J. Jang, R.E, Newnham. Poling Study on
Ceramic-Polymer Composites.

S. DaVanzo, A. Safari, R.E. Newnham. Finite Element Modelling of PZT
Composites.

A. Safari, L.E. Cross, R.E. Newnham. Diced PZT Composites for Hydrophone
Applications.

Z. Meng, U. Kumar, L.E. Cross. High Field Dielectric and
Electrostrictive Behavior in PLZT Ceramics with Zr/Ti Ratio 65/3S5.

K. Rittenmyer, Z. Meng, A.S. Bhalla, L.E. Cross, Determination of the
Electrostriction Coefficients dll' 012, Q44 for Single Crystals of
Calcium Fluoride.

€. Sundius, M, Shishineh, S.J. Jang, L.E. Cross. Electrostriction
Measurements on Single Crystals of BaTiO3 and (Sro.618a0_39)ﬂb206(SBN).
G.0. Dayton, B.H. Fox, J.V. Biggers. Unconventional Profile Sintering
Systems.

M. Bliss, R.E. Newnham, W.A. Schulze. Processing Effects on the
Piezoelectric Properties of Lead Metaniobate Compounds.

D. Christopher, W.R. Xue, J.V. Biggers. Agglomerate Characteristics of

Oxide Powders Used in Production of Electronic Ceramics.

L.C. Veitch, S. Swartz, R.E. Newnham. Processing of Lead Nickel Niobate.
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13, W.R. Xue, R.E. Newnham, L.F. Cross. The Temperature Behavior of
Electromechanical Properties of ﬂodified PbTiO3 Ceramic.
2nd U,S.:Japan Seminar on Dielectric and Piezoelectric Ceramics,
Williamsburg, VA, November 4-7, 1984

14, L.E. Cross, C. Sundius, T. Shrout., Polarization Mechanisms ir Relaxor
Ferroelectrics,

15. L.E. Cross, C. Sundius, T.R. Shrout. Elastic and Optical Effects from
Polarization Fluctuations in Relaxor Ferroelectrics.

16. L.J. Bowen, J. McColl, A. Halliyal, A. Bhalla. Properties and
Applications of Piezoelectric Glass—Ceramics.

17. D.G. Christopher, W.R. Xue, G.0. Dayton, J.V. Biggers. Agglomeration
Characterization of Oxide Powders Used in Production of Electronic
Ceramics.

18. D. Bonnema, J.N. Kim, M, Haun, S.J. Jang, L.E. Cross. Low Temperature
Properties of Lead-Titanate Based Ceramics.

19, A, Balliyal, A.S. Bhalla, L.E. Cross. Phase Transitions, Dielectric,
Piezoelectric and Pyroelectric Properties of Barium Titanium Germanate
Ba,TiGe,0g Single Crystals.

20, T.R. Halemane, M.J. Haun, L.E. Cross, R.E. Newnham, A Phenomenological
Theory for Phase Transitions in Perovskite Ferroelectrics Exhibiting

Oxygen Octahedron Tilts with Application to PZT Materials.

3.3 Honors, Awards and Prizes

Dr. L.E. Cross Elected to the National Academy of Engineers
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Presented with the John Jeppson Medal and Award of the
American Ceramic Society
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Dr. R.E. Newnham Elected President of the American Crystallographic Assn.

Presented with the Faculty Scholars Medal in Science and
. Engineering at Penn State

*Dr. T. Gururaja Xerox Award Winner for Ph.D. in Materials Subject at Penn
State, August, 1984

*Dr., A, Safari Xerox Award Winner for Ph,D. in Materials Subject at Penn
State, August, 1984,

*Dr. M, Haun Xerox Award Winner for M.S. in Materials Subject at Penn
State, August, 1984,

*The Xerox Awards are presented on the judgement of an independent committee
drawn from the Departments of Electrical Engineering, Physics, Materials
Science and Materials Research Laboratory for the best Ph.D., M.S. and B.S.
thesis work in materials at Penn State, judged from the quality of the thesis
and associated published works. Only two Ph.D. and two M.S. prizes are
awarded each year, and it is a signal honor to this ONR sponsored program that

three of the four top awardees were associated with studies on this program.

3.4 Degrees Earned
3.4.1 Graduate Degrees (M.S,, Ph.D.)

1. K. Rittenmyer Ph.D, Thesis in Solid State Science, May 1984.

"Electrostriction in Cubic Halide Compounds”

2. T. Gururaja Ph.D. Thesis in Solid State Science, May 1984.
"Piezoelectric Composite Materials for Ultrasonic
Transducer Applications"

3. A. Halliyal Ph.D., Thesis in Solid State Science, May 1984,

"Study of the Piezoelectric and Pyroelectric Properties

of Polar Glass Ceramics.
f:: 4. M, Bliss M.S. Thesis in Ceramic Science and Engineering, Aug. 1984

"An Analysis of the Reaction of PbO and szos in Molten

11
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Salt for Use in Grain Oriented Piezoelectric 0:3

Composites"

3.4.2 Undergraduate Thesis Projects (B.S,)
Phillip Gilmour B.S. Ceramic Science and Engineering, May 1984,

*Domain Size and Microstrain Determination in Ultrasonic
Transducers Using X-Ray Diffraction”

Thomas Chiesa B.S. Ceramic Science and Engineering, May 1984,
"Study of LiNbO3:NaNbOs Solid Solutions”

Stephen Costantino B.S. Ceramic Science and Engineering, May 1984,
"Characteristics of Japanese Multilayer Ceramic

Capacitors”

Kevin Dietz B.S. Ceramic Science and Engineering, May 1984.

»;7: "Leucite Structure Ferroelastic Silicates"”

h Alan Hain, Jr. B.S. Engineering Science, May 1984,

"New Bimorph Structures with High Flexural Resonance

Frequency"

Eric Rothdeutsch B.S. Engineering Science, December 1984,
"Electrical Characteristics of Ban03 Filled Epoxy

Composite Conductors"®

4.0 APPLIED SCIENCE APPRENTICESHIPS IN THE CENTER FOR DIELECTRIC STUDIES
It is the purpose of this program to provide opportunity for high school

students to become acquainted, during their summer break, with the workings of
a major research laboratory and the fascination of research and discover. The
objective is to have a maximum of three students in this category who could

work closely with the postdoctoral fellows and graduate assistants in the

Materials Research Laboratory on problems associated with our ONR program in

12
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the Center for Dielectric Studies and on the program of research on
Piezoelectric and Electrostrictive Materials for Transducer Applications.
These program which encompasses the preparation, characterization, and
measurement of properties of a wide range of new electroceramic and
ceramic-plastic composites offer many opportunities in which the "extra pair
of hands" and quick perceptions of a well motivated high school student
provides invaluable assistance.

We believe that the relaxed atmosphere and constant interchange between
faculty, postdoctoral fellows, graduate assistants, and technical aides, and
the continuous presence of many eminent foreign visiting scientists provides a
very stimulating environment for the young student who may be at a critical
Juncture in making decisions as to longer range career plans.

It is our belief that if the very bright young students are to be
encouraged to choose careers in science and engineering, it must be through
acquaintance with some of the less obvious, intangible intellectual benefits
of the profession, since legal, medical and business careers can almost always
offer more immediate financial reward and more obvious ladders for
advancement.

A secondary but not insignificant advantage of the program is in the
additional component which it provides irn the education of our graduate
students, Most of these young men and women will go out into responsible
positions in Government and Industry where they will be called upon to
organize and supervise the work of many junior engineers and technicians,
This program, which attaches the technical aid to a graduate assistant, gives
him the chance to organize the work of a second person to speed his own
program, but also the responsibility of the associated human problems of
scheduling and humane management. We believe it has been a most valuable

experience for the graduate assistants who have participated and has given

13
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them very useful insights into both the problems and the rewards of "people

management," -
For the last two years, we have developed a much closer relationship with

the University’s Upward Bound Program, who are able to draw well motivated -

black students from the Philadelphia School System. Over the years it has

become our custom to issue each student participant a certificate on

completion of the term, at a small internal ceremony in MRL. Copies of

certificates given to our last three successful apprentices are appended. |
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PIEZOELECTRIC COMPOSITES OF PZT AND SOME SEMI~CRYSTALLINE POLYMERS
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Polymer Science Program
Department of Materials Science and Engineering
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ABSTRACT

i .t «

h

Piezoelectric composites of PZT ceramices and
semi-crystalline polymers have been produced
PZT rods (4 volume percent) in the polymers.
dielectric constants were considerably lower

r > 83
.

several

by embedding slender
The observed

than that of pure PZT.

The hydrostatic piezoelectric voltage coefficients of the
composites were larger than PZT, even though the composite
hydrostatic piegoelectric strain coefficients were lower,

. Composite figures of merit ranged from one-third to aix timea that
Mg of P2T.

P~
I.'T.
. Introduction and Background
&
. By careful choice of design, multiphase materials may be produced
< vhich possess ultimate properties which are superior to the sum of those of
- the individual components (1), With this idea in mind, novel piezoelectric

transducers have been produced and tested for applications such as

hydrophones and medical ultrasound (2). One of the most successful designs
P - to date coasiste of slender, extruded fibers of lead zirconate titanate
;': (PZT) aligned normal to two electroded surfaces and surrounded by a polymer
[ watrix (3,4,5). These composites are referred to as 1-3 composites in che
..
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)
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nomenc lature adopted by Newnham, et al. (6), where the numbers refer to the
total orthogonal directions (in an orthogonal axis syetem) in which each h
phase is self-connected, Since the PZT rods are continuous from one
electrode surface to the other, saturation poling can be accomplished;
thereby easuring the maximum piezoelectric sensitivity.

The hydrostatic piezoelectric response can be defined by the
piezoelectric strain (d, ) and voltage (g ) coefficients.
is a measure of the polarization produces as a result of applying a
hydrostatic stress and is given by:

dh - d33 + 2d31 (1)
wvhere the subscripts refer to directions in an orthogonal axis eystem
according to the common reduced notation, The 3-direction is defined as
the direction parallel to the PZT fiber axis. Charge which develops on the
electrode surface as a result of stresses parallel and perpendicular to the

il

e

;: poling axis is governed by d4,. and d3 , respectively. The

> voltage coefficient is relatdd to dh éy:
i d

o h

N g, = (2)
e h

b: K3380

v

vhere K., is the dielectric constant in the poling direction and ¢

is the permittivity of free aspace. Since, for PZT, d 3 is opposite in
sign to and about twice the value of d31' and K33 is ?arge, both

dh and 8, are relatively low.

]
.

L

For piezoelaectric 1-3 composites a simple parallel-series model

developed by Skinner, et al.(7) predicts that the d3 (33 ) of a -
composite containing a very complisnt matrix is equng to the d33 of
PZT. The composite d,, (d31) is given by:

< 1.1

d3p = Vg 3

vhere v is the volume fraction and the superscript 1 refers to the PZT
phase. The composite hydrostatic piezoelectric coefficient (dh) can
then be expressed as:

dh - d33 + v d31 (4)
3
. Also, the composite voltage coefficient, which is important for
s hydrophones, is given by:
-
= . a
L4 - h
o & " T - — (5 “
S vK.. €

330
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Therefore, the simple model predicts large increases in d_ and §h
over P2ZT as the amount of PZT in the composite is decreased.

However, recent experimental work (4,5,8) has shown that the
quantitative predictions of the Skinner, et al. scheme are not realized if
flexible electrodes are used for 1~3 composites. Several explanations have
been propoeed to account for these discrepancies. These include: the
effective matrix tegioa of ianfluence (8), internal stresses arising from
differences in the Poisson's sL-ain between the ceramic and polymer (9),
and relic processing stresses (5). In the case of glassy thermoplastic
polymer matrices, annealing the composites at temperatures near the glass
transition temperature (T ) of the matrix was found to improve their
piezoelectric response (58. This is presumably due to relief of some of
the residual processing stresses,

All 1-3 cowmposites studied to date have used amorphous polymers as the
matrix phase, Semi-crystalline polymer matrices have never been employed
in these types of piezoelectric composites. Low T , seui-crystalline
polymers such as polyethylene and the Hytrel poly(8ster/ether) block
copolymers have mechanical properties which are intermediate between glassy
and elastomeric materials. Aleso, it is possible to conveniently alter the
degree of crystallinity of these materials by thermal annealing at
temperstures approaching the melting point or, in the case of the Hytrels,
by varying the crystallizable-gegment content. This allows one to
investigate the effect of matrix compliance on composite performance. This
paper reports some of our initial studies on 1-3 PZT/semi-crystalline
polymer composites.

Experimental

A. Composite Pabrication

The PZT rods used in this study were prepared by a technique described
previouasly (3). All composites contained rods which were 12-mil (305 pm)
in diameter and were prepared from PZT 501A powder (obtained from
Ultresonic Powders, Inc.). The sintered PZT fibers were aligned in racks
which consisted of two parallel plates of aluminum foil separated by -2 cm.
Each plate had an array of perforations through which the rods were
ineerted 8o as to be held in place during polymer processing.This was done
to insure the proper volume fraction (4%) of PZT for all composites.

(a) P2T/Poly(butylene terphthalate) Composites

Poly(butylene terephthalate) (PBT) is a semi-crystalline polymer
vith a melting point (T ) of -220°C and a T, 370°C. Therefore, PBT is &
glassy semi-crystalline material and poosesiea mechanical properties
chgracseristic of rigid polymers (e.g. Young's modulus (E) =»

0°N/m®). PBT is polymerized by condensation methods and has a
relatively low molecular weight (ca. 20,000-30,000 gm/mole). 1Its melt
viscosity is therefore also comparatively low, making small scale melt
composite processing feasible without the use of high pressures.
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PZT/PBT composites were prepared by placing filled racks of PZT rods
and dried PBT pellets (obtained from Scientific Polymer Products, Inc.)
into glass wolds which were then purged with nitrogen and immersed in a
250°C oil bath until the pellets melted and no voids were present in
the melt. The system was allowed to cocl to room temperature over a 5 hour
period.

(b) PZT/Nylon 11 Composites

Léke PBT, Bylog 11 is a glassy, semi-crystalline polymer (T :185°c,
T *45°C, E *10°N/m“) and has a relatively low melt viscosity. owever,
18 order to avoid the problem of polymer degradation at high temperatures,
we decided to prepare these comoposites by insitu polymerization of the
mchHiomer .,

Racks of PZT in glass molds were surrounded by ll-aminoundecanoic acid
(7 -190°C) and the molde (under a continuous nitrogen purge) were placed
1a"s 220°C silicone oil bath. Water vapor which formed during the
po.vmerization was forced through an exit tube by the gas pressure. The
polvmerization was terminated by cooling for one hour after water formation
ceased.

{c) PZT/Hvtrel Composites

The hytrels (E. I. duPont de Nemours and Co., Inc.) are a series of
thermoplastic elastomers composed of polyester "hard" segments which are
crystallizable and non-crystallizable, low T polyether "soft" segments.

By varying the concentration of polyester un%ta, the degree of
crystallinity and, hence, the modulus of the resultant copolymer can be
adjusted. Some characteristics of the three Hytrels used in this study are
shown in Table 1(10). Note that all the Hytrels have wmoduli which are
sigaificantly lower than both PBT and anylon ll.

TABLE 1

Properties of Hytrel Copolymers (10)

o T T Modulus

e we. 2 m g Density 8 2
:34': Hytrel Polyester segments (°C) (°C) (gm/cc) (10° N/m")
k-." e

. 4056 ~30 150 -80 1.17 0.34

1000 49 186 -65 1.19 1.48

§
-
t 995 81 218 -5 1.23 4.00
[
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Composites were prepared in the same manner as the PZT/PBT materials
except that the oil bath was heated to 220°C and cooling to room
temperature was done over a 48 hour period.

Ak e A

After solid composites were fabricated, the molds were broken and the
composites were sectioned perpendicular to the rod axis using an electric
diamond saw or a hacksaw. The as-cut slugs were then sanded with 60 grit
garnet paper followed by polishing using 200 grit garnet paper. All
compodites were 4mm thick in the fiber direction.

EEEEC. Cye Ty TiTsS Tt N S iV et

e S

Air-dry silver electrodes were applied to the two faces perpendicular
to the rods and the composites were poled at 75°C in an oil bath with
a field of 22kV/cm for 5 min. After the composites were removed from the
bath, they were allowed to cool in air under a field of 7.5 kV/cm for 10
minutes to prevent depoling during cooling. The poled composites were aged
for at least 24 hours prior to piezoelectric and dielectric measurements

»
»
»

-y SO

B. Measurement of Dielectric and Piezoelectric Properties

Dielectric measurements were performed with a Hewlett Packard 4270A

Automatic Capacitance Bridge at lkHz and 1 volt. d,. was measured i
using a Berlincourt Piezo 63 -Meter with rounded rams. The ratio of )
the diameter of the rams to ghe center-to-center distance of the PZT rods

vas 0.74, The d 4 was taken as the average of 20 random measurements
(10 on each elecEroded surface of the composite) at a ram pressure of
apprgximately 55 psi. The hydrostatic piezoelectric coefficients (d “
and gh) were measured by a dynamic method (11)., The apparatus consisted b
of an oil-filled chamber in which the samples and a PZT standard of known d
dh and g, vere immersed. The pressure inside the vessel was raised {
to 100 psi and alternating sinusoidal pressure cycles (amplitude t 0.1 psi) a
3
J
d
1
i
i

were imposed using sn AC stress generator driven by a function generator
adjusted to the proper frequency. The sample (or standard) voltage was
recorded on an oscilloscope display.

Results and Discussion

Comparison of composite dielectric and piezoelectric properties with )
conventional single phase materials can be found in Table 2, As expected,
the composite dielectric constants are low_compared to that of PZT but,
except for the PZT/Hytrel 4056 composite, K. . values_are greater cthan
that predicted by the rule of mixtures (theggetical K.. ®» 64). Since .
spplied compressive strees is known to increase the d?glectric constant of
PIT (12), radial compression between the rods and the matrix may be )
responsible for these results (5). Radial stresses may have originated
from thermal expansion mismatches, mechanical processing conditions, or
polymer crystallization shrinkage.
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For a more compliant polymer, stress transfer from the matrix to the
PZT rods should be more efficient than for a stiffer matrix. Thus,
d 3 would be expected to increase as matrix compliance increases and
tgxs is seen to be the general trend for the polymers examined in this
astudy with the PZT/Hytrel 4056 and PZT/Hytrel 1000 composites exhibiting
433'3 which are larger than some of the higher modulus composites.

A somevhat surprising result is that d increases as polymer
wmodulus increases. Since d33 increases as the matrix stiffuess
decreales.ld ﬂ must increase accordingly. In general, as the
compliance og a polymer increases, its Poisson's ratio (v) increases and
the enhancement of 3)l is thought to arise from stresses due to
differences in Poissdn's contraction between the phases (9). Although one
cannot alter the characteristic modulus and v independently in solid
polymera, one can lower both simultaneously through matrix foaming. Such
compliant, foamed composites would be expected to have outstanding
hydrostatic figures of merit, This has, in fact, been shown to be the case
by Klicker, et al. for P2T/foamed polyurethane composites (13).

The hydrostatic piezoelectric coefficients (d ) for the PBT,
aylon 11 and Hytrel 995 composites are smaller than those of PZT but
similar_to those observed previously for 1-3 composites with rigid matrices
(5,11).4_ for the Hytrel 4056 and 1000 composites are comparable to
that of pVDF but considerably smaller than the other composites presumably
due to Poisson's ratio astresses. The voltage coefficients of all
composites are greater than that of PZT because the permittivities of the
composites are much lower than the values for PZT alone. for the
composites with relatively stiff matrices (PBT, nylon 1l and Hytrel 995)
are about an order of magnitude larger than PZT but, because of their low
d, . the Hytrel 4056 and 1000 compoaites exhibit significantly lower
. ‘s. This results in § 3, for the composites with stiff
matrices being about five ines larger than that of PZT and comparable to
that of PVDF while the figures of merit of the more compliant matrix
composites are somevwhat less than PZT. Finally, no frequency dependence of
dh was observed for any composite from 30 to 160 Hz (Figure 1).

Conclusions

The piezoelectric figures of merit for composites with stiff polymer
matrices are about five times larger than PZT and comparable to PVDF. The
primary reason for the enhancement of d Eh over P2T is that the
composites have much_lower K,. values than PZT. An unexpected result
was the decrease in 4  as matrix modulus decreased. Since d
was found to increase as the matrix modulue decreases, |d.,,| “dust be
increasing as the polymer stiffness decreases. The enhanied component of

d,,| presumably results from differences in Poisson's contraction
begveen the phases and ultimately results in relatively low figures of
merit for composites with compliant polymer matrices.
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= FIG. 1
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d 23 - Function of Test Frequency
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(pC/N) b. PZT/Hytrel 995
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d. PZT/Hytrel 1000
e. PZT/Hytrel 4056
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Polymer/Piezoelectric Ceramic Composites:
Polystyrene and Poly(methyl Methacrylate) with PZT

J. RUNT* and E. C. GALGOCI, Polymer Science Program, Department of
Materials Science and Engineering, The Pennsylvania State University,
University Park, Pennsylvania 16802

Synopsis

Lead zirconate-titanate (PZT)/polymer composites have been prepared by in situ polymerization
of styrene and methyl methacrylate around aligned, thin PZT rods. Hydrostatic piezoelectric
coefficients (d, and Z,) measured by a dynamic technique yielded figures of merit (d25) roughly
four times that of homogeneous PZT for as-polymerized composites. When these composites were
annealed at a temperature slightly below the glass transition temperature of the matrix polymer
and repoled, dxZ) increased nearly twofold due primarily to a reduction of the composite dielectric
constant. The piezoelectric response was found to be essentially independent of frequency from
30 to 160 Hz.

INTRODUCTION

Piezoelectric composites have been the center of much recent study! because
of their possible advantages over single phase piezoelectrics [e.g., poly(vinylidene
fluoride) (PVDF) and lead zirconate-titanate (PZT)] for hydrophone applica-
tions. The phase connectivity? is a particularly important parameter, which
ultimately determines the properties of a composite solid. For piezoelectric
composites made from PZT and polymers, designs which allow the ceramic to
be poled to saturation produce relatively large piezoelectric coefficients even
for low PZT concentrations.

One such motif studied by Klicker et al.3 consisted of slender PZT rods aligned
perpendicular to the electrode surface and surrounded by a thermosetting
polymer (epoxy). These diphasic materials are designated 1-3 composites in
the notation adopted by Newnham et al.2 The numbers refer to the total or-
thogonal directions in which each phase is continuous throughout the object.
In this case the active phase (PZT) extends continuously in one direction, while
the polymer matrix spans the composite in all three orthogonal directions.
Klicker et al.’s PZT/epoxy composites have hydrostatic “figures of merit” about
an order of magnitude larger than homogeneous PZT.3 In addition, these ma-
terials have low densities (p < 1.8 g/cm3), which provide for better acoustic
coupling to water than PZT (p = 7.8 g/cm?), and are flexible relative to PZT ce-
ramics.

Even though the major improvements in properties for these composites over
PZT ceramics can be traced to the polymeric phase, few polymer systems have
been studied as possible matrix materials. Furthermore, only thermosetting
polymers (e.g., epoxies and polyurethanes) have been employed previously in

* To whom correspondence should be addressed.

Journal of Applied Polymer Science, Vol. 29, 611-617 (1984)
© 1984 John Wiley & Sons, Inc. CCC 0021-8995/84/020611-07804.00
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1-3 composites. Because the mechanical and physical properties of polymers
can vary widely, and because theory?* suggests that matrix mechanical properties
should strongly affect composite piezoelectric response, we have fabricated
composites with a variety of thermoplastic polymers. This paper describes our
initial studies on polystyrene (PS)/PZT and poly(methyl methacrylate)
(PMMA)/PZT 1-3 composites.

BACKGROUND—THEORY

Piezoelectric materials experience a polarization (P) due to an applied stress
(o). The piezoelectric coefficient (d) is a measure of the polarization produced
per unit stress. Under hydrostatic conditions, the piezoelectric coefficient is
given by

dy = d33 + 2d3, (1)

where the subscripts are the reduced notation for designated directions in an
orthogonal axis system. The d33 and d3, coefficients refer to polarizations which
develop along the poling axis (i.e., the 3-direction) due to applied stresses parallel
and transverse to the poling direction, respectively. For PZT, d3, is opposite
in sign to and approximately one-half of dg;; therefore, dj, is small. The hy-
drostatic voltage coefficient (g,) is related to dy, by

gn = dn/es3 (2)

where €33 is the dielectric permittivity. Since d), is low and the permittivity is
high for PZT, the voltage coefficient, which is important for hydrophone appli-
cations, is very low. For a hydrostatic transducer material the dxg), product is
considered to be an all-encompassing “figure of merit.”

A simple theory to describe the piezoelectric coefficients of composites with
1-3 connectivity has been described by Skinner et al.4 The theoretical piezo-
electric and dielectric coefficients are given by

1y 1daq 233 + 20 2d33 1Ja3

= 3
dz 1y 2J35 + 2p 1J3 @)
dy; = v Uy, + 2 2dy (4)

€33 = lplegy + 2 239 (5)

where v and J are the volume fraction and elastic compliance, respectively. The
superscripts refer to phase 1 (PZT) or phase 2 (polymer), and the bar represents
the average composite coefficient.

Equations (3)-(5) can be reduced by considering that most polymers are
nonpiezoelectric (i.e., 2d33 = 2d3, = 0), and possess relatively low dielectric per-
mittivities (1e33 > 2e¢33). Therefore, eqs. (3)-(5) become

1y 1ds32J

dyy = 1, 2 332 :13 (6)
b U 2J33 + 20 1Jg3 4
,‘!.- dy = v ldg; (7
\ -
}_:‘\_
9
= -
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LOG(d;, G, [MZ/ND

[
—
~N

-13

Fig. 1. Theoretical plot of log (dxZs) as a function of volume fraction of PZT (!v). Curve I cor-
responds to 2J33 = 10~7 m2/N; for curve I, 2J33 = 10~° m2/N; and for curve 11, 2J33 = 10~1° m%/N.
The broken line represents the dxgs for homogeneous PZT.

€3 =10 legg 8)

Since most polymers are much more compliant than PZT (i.e., 2J33 > 1J33), eq.
(6) further reduces to

d33 = ld33 9

In this case, all of the force in the fiber direction is borne by the ceramic rod el-
ements. However, if lv « 2v, this approximation to eq. (6) is invalid.

By combining eqs. (1), (6), and (7), the hydrostatic piezoelectric coefficient
is obtained

3. = ly 1d33 2J33
=33 <38
1y 2J33 + 2y 1J33

Figure 1 shows how d\,g, varies as a function of !v according to eqs. (2), (8) and
(10) for several values of matrix compliance. For low concentrations of PZT,
dnZ» is predicted to vary significantly as the matrix compliance changes.

Several modifications to the model of Skinner et al. have been suggested.>¢
Klicker® has shown that d33 is not necessarily equal to the ds; of PZT, but is a
function of the PZT rod diameter and volume fraction, composite thickness, and
matrix compliance. Additionally, the internal forces arising from a difference
in constriction between the phases through Poisson’s ratio produce an en-
hancement of |d3,| over that predicted by eqgs. (4) or (7).> These considerations
lead to the conclusion that dj, predictions based on the Skinner et al. approach
are overestimates for 1-3 PZT/polymer composites.

Another important internal stress is that which is due to a mismatch in thermal
expansion (or contraction) between the constituent phases.”® Polymers have
coefficients of thermal expansion which are at least an order of magnitude larger
than PZT ceramics. Therefore, large compressive stresses can develop at the
interface of the resin and the PZT rods. These stresses may alter the piezo-
electric and dielectric response of composite piezoelectrics. Furthermore,
stresses related to curing or polymerization may also be of consequence.

+ 2 v ldy, 10

a
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EXPERIMENTAL

The preparation of the PZT rods used in this study has been described else-
where.2 All rods were 12-mil (305-um) in diameter and were prepared from PZT
501A (Ultrasonic Powders, Inc. South Plainfield, N. J.). The sintered rods were
aligned in racks which consisted of two parallel plates of aluminum foil separated
by ~2 cm. Each plate had an array of perforations through which the rods were
inserted to be held in place during polymerization of the matrix in order to insure
the proper volume fraction (4%) of PZT for all composites.

In situ polymerization of liquid monomers was the most convenient method
to prepare composites because of the fragile nature of the PZT rods. The liquid
monomers (styrene and methyl methacrylate) were purified by vacuum distil-
lation prior to use. Polymerization was initiated by 0.5 wt % benzoyl peroxide.
Prepolymer syrups (polymer in monomer) were prepared by heating the ‘
monomer-initiator systems at 80°C for 15 min and then cooling the mixture to ;
room temperature. By using a prepolymer, the resulting composites were found |
o to be essentially void free.
F Composites were then fabricated by placing filled racks of PZT rods into glass |

molds and pouring a given prepolymer into the mold until the rods were sub-
merged in the liquid and covered over by ~1 cm. The molds were then placed
:. . in an oven maintained at 50°C until the polymer solidified. Additional heating
- to 90°C for 1 h completed the polymerizations. After the molds were removed
N from the oven and allowed to cool, the glass mold was broken and the composites
were sectioned perpendicular to the rod axis using an electric diamond saw or
a hacksaw. The as-cut slugs were then sanded with 60-grit garnet paper followed

e by polishing using 200-grit garnet paper. All composites were 4 mm thick in the
-:::-jl fiber direction. The glass transition temperatures (T;) of the matrices were
= determined with a Perkin-Elmer DSC-2 equipped with a Thermal Analysis Data

-".f-: Station. The T of both the PS and PMMA was found to be approximately
. 100°C.

Air-dry silver electrodes were applied to the two faces perpendicular to the
rods, and the composites were poled at 75°C in an oil bath with a field of 22
kV/cm for 5 min. After the composites were removed from the bath, they were
allowed to cool in air under a field of 7.5 kV/cm for 10 min to prevent depoling
during cooling. The poled composites were aged for at least 24 h prior to piez-
eoelectric and dielectric measurements.

Dielectric measurements were performed with a Hewlett-Packard 4270A
Automatic Capacitance Bridge at 1 kHz and 1 V. d33 was measured using a
Berlincourt Piezo d33-Meter with rounded rams. The ratio of the diameter of
the rams to the center-to-center distance of the PZT rods was 0.74. The d33 was
taken as the average of 20 random measurements (10 on each electroded surface
of the composite) at a ram pressure of approximately 55 psi. The hydrostatic
piezoelectric coefficients (dj, and 2,) were measured by a dynamic® method. The
apparatus consisted of an oil-filled chamber in which the samples and a PZT
standard of known d, and g, were immersed. The pressure inside the vessel
was raised to 100 psi and alternating sinusoidal pressure cycles (amplitude +0.1
psi) were imposed using an AC stress generator driven by a function generator .
adjusted to the proper frequency. The sample (or standard) voltage was re-
corded on an oscilloscope display.
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p . TABLE 1
. Piezoelectric Properties of 1-3 Composites and Single Phase Materials
:: Density da® dp® Zn® dngn®
N Material (g/cm3) K3z (107'2C/N) (10-12C/N) (103 V-m/N) (10~!5> m?/N)
PZT/PS 1.32 70 110+ 16 22 36 790
PZT/PS (annealed) 1.32 54 130418 26 54 1400
PZT/PMMA 146 131 110%18 28 25 700 41
PZT/PMMA (annealed)  1.46 100 12521 35 39 1370 -
PZT 79 1600 400 50 4 200 q
PVDF 1.8 12 30 11 104 1140
PZT/epoxy (Ref. 9) 1.4 97 — 32 51 1630
s Errors are + 1 standard deviation. J
b Estimated errors are dy + 12%, 8 £ 16%, and dxgs + 20%. 1
A
After the composites were tested, they were annealed at 95°C for 15 h under -
vacuum followed by slow cooling to room temperature. The annealed composites .
were repoled in order to ensure saturation poling of the PZT rods and then re- 1
tested as described above. ]
1
RESULTS AND DISCUSSION B
The dielectric and piezoelectric properties of the PZT/PS and PZT/PMMA g
composites are summarized in Table I. As expected, the composite dielectric ‘
constants (K33) were considerably less than that of PZT (K33 ~ 1600). The value 4
of K33 predicted by the simple parallel model for a 4% PZT/polymer, 1-3 com- 3
posite is 64. The PZT/PS composites approached the theoretical value; however, X
the PZT/PMMA materials far exceeded the prediction. One possible expla-
nation for this discrepancy may involve cracking or crazing of the PS matrix.
Examination of unannealed PZT/PS composites under a light microscope re- 1
vealed crazes (or cracks) emanating radially away from each rod into the PS b

matrix at the electrode surface. No such cracks were observed in PZT/PMMA
samples. Since applied compressive stress is known to increase the dielectric
constant of PZT,!0 one would expect # 33 of the PZT/PS composites to be less
than K33 of the PZT/PMMA materials if the cracks acted to relieve interfacial
compressive stresses.

The presence of internal stresses in these composites is further supported by
the decrease in the dielectric constant after they were annealed. If the ar.iealing
process acts to relieve some radial compression between the rods and the matrix,
then the dielectric constant would be expected to be lower than the K33 before
annealing. Presumably, the radial stresses resulted from thermal expansion
mismatches, mechanical processing (cutting and polishing), or polymerization
shrinkage.

The simple Skinner et al. model predicts that the dj3 for composites with .
matrices of the same stiffness should be the same. Since PS and PMMA have

r roughly the same elastic modulus (~3 X 10° N/m?), it is not surprising that d33 ﬂ
L is similar for both composite materials. However, the predicted d3; values are :
' three times greater than those observed. Clearly, transfer of applied stress from

L matrix to rods is more complex than allowed for by the simple parallel model.

i If the effective matrix region of influence on the rods is less than the total matrix

%;. i
I
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(a) (b) .
Eh 30 PMMA 3% PMMA
/———-‘
PCNI2 20
22 J_S_ 26 .&——
30 90 150 30 90 150
FREQUENCY (Hz)

Fig. 2. Piezoelectric response of PZT/PS and PZT/PMMA composites as a function of frequency:
(a) unannealed; (b) annealed.

area, then the amount of stress experienced by the rods would be less than pre-
dicted by the Skinner et al. model.6 This would act to decrease ds3 relative to
the predicted value. _

The standard deviations of d33 values obtained from a d33-meter using rounded
probes gives an indication of the relative piezoelectric homogeneity of the com-
posites. For the composites tested here the standard deviations of the dss
measurements were similar. Again, considering that the matrices used in this
work have similar mechanical properties, this result is not unexpected.

The hydrostatic piezoelectric coefficients (dj,) reported in Table I are smaller
than those of PZT but similar to that observed by Lynn?® for the PZT/epoxy
system. The voltage coefficients are roughly an order of magnitude larger than
PZT because the permittivities of the composites are much lower than the values
for PZT alone. This results in dxZ; being significantly larger than that of PZT
and comparable to that of PVDF. Also, no frequency dependence of d,, was
observed from 30 to 160 Hz (Fig. 2). Annealing was found to improve the pi-
ezoelectric coefficients (especially ;) due to a significant decrease in K33.

Composite densities are roughly 1.4 g/cm3 (calculated), which is considerably
lower than the 7.8 g/cm3 of PZT. Low density materials provide better acoustic
coupling to an aqueous environment than ones of high density. Therefore, these
types of composites may be useful as shallow-water hydrophones or for medical
ultrasound applications.

CONCLUSIONS

Composites of uniaxiaily oriented, continuous PZT rods embedded in poly-
styrene or poly(methyl methacrylate) matrices possess hydrostatic piezoelectric
coefficients somewhat lower than that of homogeneous PZT. However, hy-
drostatic voltage coefficients for these materials are approximately an order of
magnitude larger than the ceramic element. Enhancement of g, is primarily
due to the reduction of K33 over PZT. Further enhancement of the piezoelectric
response can be accomplished by annealing which further reduces K33. The da3
values and the standard deviation of the d33 measurements are similar for both
types of composites. Predictions of the composite piezoelectric coefficients based
i on the Skinner et al. model are qualitatively correct but quantitatively overes-
. timated.
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COMPOSITE PIEZOELECTRIC SENSORS

R. E. NEWNHAM, A. SAFAR]I, J. GINIEWICZ and B. H. FOX

Materials Research Laboratory, The Pennsylvania State University, University
Park, PA 16802

Various types of composite piczoelectric transducers are reviewed with emphasis on the hydrophone
figure of merit d4,g,. Composites containing piezoceramic fibers, or skeletons in a polymer matrix. are
superior to single-phase polymer or ceramic transducers.

INTRODUCTION

Lead zrconate titanate (PZT) is used extensively as a piezoelectric transducer
material, but suffers from several disadvantages when used as a sensor of hydrostatic
pressure waves. The hydrostatic piezoelectric coefficient d, (= d;; + 2d,,) of PZT is
small because dy; and dy, differ in sign. The voltage coefficients g;;( = d;,/¢) and
8,(= d,/¢) are also small because of its high permittivity ¢.

To improve the magpitudes of 4, and g,, we have fabricated a number of
different diphasic composites made from polymers and PZT, utilizing the concept of
phase connectivity (Figure 1). Based on these studies it is clear that in a composite,
the clectric flux pattern and the mechanical stress distribution together with the
resulting physical and piezoelectric properties depend strongly on the manner in
which the individual phases are interconnected. Composites of PZT and polymer
with different connectivity patterns have been prepared in which the 4, and g,
coefficients are an order of magnitude larger than those of solid PZT. In addition,
some of the composites have high mechanical compliances and low density, making
it easier to obtain good impedance matching with water. The properties of some of
these composites are summarized in Table 1.

Connectivity’ is the key feature in designing the microstructure of PZT-polymer
composites. Each phase in a composite may be self-connected in zero, one. two, or
three dimensions. Using an orthogonal axis system, for diphasic composites, there
are ten connectivities designated as 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3-1, 2-2, 3-2, and 3-3.
A 2-1 connectivity pattern, for exampie, has one phase self-connected in two
dimensional layers, the other self-connected in one dimensional chains or fibers. The
connectivity patterns are not geometrically unique. In the case of 2-1 patterns, the
fibers of the second phase might be perpendicular to the layers of the first phase or
might be parallel to the layers. In the notation used here, the piezoelectric phase
appears first. Thus a 1-3 composite consists of PZT fibers embedded in a polymer
matrix. and a 3-1 composite is a solid piece of PZT with parallel holes filled with

polymer.
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FIGURE 1 A selection of the various composite types produced in the recent past: (A) Lead titanate
composite (0-3), (B) PZT rods-spurrs epoxy composite (1-3), () PZT spheres-polymer composite (1-3),
(D) PZT tape laminate composite (2-2), (E) Honeycomb configuration PZT-polymer composite (3-1), (F)
Array of perforated PZT composites (3-1), (G), (H), (I), and (J) Perforated PZT-polymer with 3-1

coanectivity, (K) Perforated PZT-poiymer with 3-2 connectivity, (L) Perforated PZT composite with 2
perforated layers, (M) Replamine composite with 3-3 connectivity and (N) Burps composite with 3-3
connectivity.

PIEZOELECTRIC 3-3 COMPOSITES

In a 3-3 composite each of the constituent phases is continuously seif-connected in
three dimersions to give two interlocking skeletons in intimate contact with one
another. This type of structure is exhibited by certain polymer foams, by some
phase-separated metals and glasses, by three-dimensional waves, and by natural
substances such as wood and coral. The piezoelectric and pyroelectric properties of
3-3 composites have been investigated with some rather remarkable results. For
certain coefficients, dramatic improvements can be made over the best single-phase
piezoelectrics.

Piezoelectric ceramic-polymer composites with 3-3 connectivity were first made by
Skinner? using a lost-wax method with coral as a starting material. Among the
advantages of these composites are high hydrostatic sensitivity, low dielectric con-
stant, low density for improved acoustic impedance matching with water, high
compliance to provide damping, and the mechanical flexibility needed to develop
conformable transducers. Shrout® developed a simpler method for fabricating a
three-dimensionally interconnected lead zirconate-titanate (PZT) and polymer com-
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posite with properties similar to the coral-based composites. The simplified prepara-
tion method involves mixing plastic spheres and PZT powder in an organic binder.
When carefully sintered, a porous PZT skeleton is formed, and later back-filled with
polymer to form a 3-3 composite. This technique is commonly referred to as the
BURPS process, an acronym for burned-out plastic spheres. Since the process
invoives the generation and emission of gaseous hydrocarbons, the name BURPS is
highly appropriate.

Recently* we measured the electromechanical properties of 3-3 composites having
a wide range of PZT/polymer ratios, and compared the results with other piezoelec-
tric materials, including some earlier Japanese work*-® on similar composites. Dielec-
tric and piezoelectric properties were measured on samples ranging from 30 to 70
volume % PZT, and compared with a rectangular skeleton model for 3-3 composites.
Composites containing 50% PZT-50% silicone rubber appear especiaily useful for
hydrophone applications with 4, g, products a hundred times larger than PZT.

Further studies of porous PZT were reported last year at the International
Symposium on Applications of Ferroelectrics.” Scientists at Mitsubishi Mining and
Cement have developed several techniques for introducing connected porosity in
PZT ceramics: reactive sintering, foaming agents, organic additives, and careful
control of particle size and firing conditions. Measurements on unfilled ceramic
skeletons with 60% interconnected porosity gave dj; coefficients near 150 pC/N
and g,y coefficients of 0.15 Vm/N.

PERFORATED PZT-POLYMER COMPOSITES

Composites of PZT and polymer with 3-1 and 3-2 connectivity patterns have been
fabricated® by drilling holes in sintered PZT blocks and filling the holes with epoxy.

TABLE!

Representative dielectric and piezoelectric coefficients of important hydrophone
component materials and composites. K = dielectric constant, dy; =
linear piezoelectric charge coefficient (pC/N). g, = hydrostatic
voitage coefficient (mV-m/N), 4, = hydrostatic charge
coefficient (pC/N), g,d,, = hydrostatic figure of
merit ( X 10-13 m?/N), all measurements

50 Hz, 25°C
Material X dy & dy Sudn
P(Zr. TNYOy = PZT 1800 450 25 40 100
(CH,CF;), = PVF, 12 20 100 11 1100
PbNb.O, 225 8$ 35 65 2300
3-3 PZT-Epoxy 620 150 18 100 1800
3-3 PZT-Rubber 450 200 45 180 8100
3-2 PZT-Epoxy 410 320 55 200 11000
3-2-0 Hollow 3-2 400 380 65 230 15000
3-1 PZT-Epoxy 750 350 4 160 3800
3-1-0 Houow 31 730 370 28 185 5300
1.3 PZT 150 50 30 1500
1-3-0 PZ T'EP\'-"J-’rth 5 180 60 40 2400
3-8 Feaned (-3 75 200 135 85 10000
0-3 P2r- R hbber 40 60 40 15 600
0-3 PbTiO,-Rubber 40 30 100 s 3500

---------
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4 R. E NEWNHAM, A. SAFARL J. GINIEWICZ AND B. H: FOX

The influence of hole size and volume fraction PZT on the hydrostatic properties of
the composite was evaluated. By decoupling the piezoelectric d,; and d4, coeffi-
cients in the composite, the hydrostatic coefficients are greatly enhanced. On
samples optimized for hydrophone performance, the dielectric constaats of 3-1 and
3-2 composites are 600 and 300 respectively. For two typical composites, the

_ piezoelectric coefficients d,, g,, and g,d, for 3-1 composites are 160 (pC/N), 24

(%1073 Vm/N), and 3800 (10~'* o /N) respectively, and the corresponding values
for 3-2 composites are 200 (pC/N), 55 (10~? Ym/N), and 11000 (10~!* m?/N).

These composites are extremely rugged and show no pressure dependence. Similar
composites can be made® by extruding the ceramic rather than drilling. Composites
with 3-1 connectivity were fabricated by impregnating an extruded, sintered honey-
comb configuration of PZT with epoxy. The composites had lower density (= 3000
Kg/nr) and lower dielectric constant (= 400) than that of solid PZT. The maxi-
mum piezoelectric d;; coefficient of the composites was 350 pC/N, and the
maximum hydrostatic 4, 220 pC/N. g, and d, g, of the composites were an order
of magnitude higher than that of solid PZT.

PIEZOELECTRIC COMPOSITES BASED ON 1-3 CONNECTIVITY

Composites in which the polymer phase is self-connected three-dimensionally and
the piezoelectric ceramic is seif-connected one-dimensionally were developed by
Klicker.'® In a 1-3 composite, PZT rods are embedded in a continuous polymer
matrix. Under the idealized situation in which the polymer phase is far more
compliant than PZT, the stress on the polymer will be transferred to the PZT rods.
The stress ampiification on the PZT phase along with the reduced permittivity
greatly enhances the piezoelectric voltage coefficient. To provide a better under-
standing of the composites, the piezoelectric properties were studied as a function of
volume fraction PZT, rod diameter, and sample thickness.

The magnitude of the d, g, product of 1-3 composites with PZT rods in polymer
matrix is large, but far less than the theoretical value. Part of the reason is that the
Poisson ratio of the polymer used is fairly high thus an internal stress exists which
opposes the applied stress, and the stress amplification of a 1-3 connectivity model is
greatly reduced. One way to reduce the Poisson ratio of a polymer is to introduce
porosity into it. The fabrication of 1-3 composites with porous polyurethanes was
developed by Klicker'! who showed that porosity in the polyurethane matrix has a
dramatic effect on d,. Composites made with 4 volume % PZT rods 240 um in
diameter in a foamed polyurethane with 45% porosity had a d, g, product close to
50,000 x 10~'% m?/N, which is more than an order of magnitude greater than the
d,g, product of composites with a non-porous epoxy matrix. But this porous
polyurethane composite is very pressure dependent above 200 psi. Other types of
1-3-0 composites were studied by Lynn.'? Porosity was introduced into different
types of polymer matrix either by adding a foaming agent or by mixing commercial
hollow glass spheres with the polymer. Using a foamed REN epoxy, composites with
4 volume % of 280 pm diameter rods showed a three-fold increase in 4, above the
unfoamed REN Epoxy. When hollow glass spheres of an ....: .3c diameter of 80 um
and 2 um wall thickness were mixed in REN and Spurrs epoxy, d,, increased about
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twice that of the piain epoxy composites. For all the composites with glass spheres,
no pressure dependences were found, while in foamed REN epoxy composites, the
pressure dependence remains a problem.

Transverse reinforcement is another technique used to enhance the hydrostatic
piezoelectric coefficient.'>!* These composites were made by mounting two types of
fibers in the polymer matrix: PZT rods parallel to the poling direction and stiff glass
fibers in the two transverse directions. The glass fibers carry most of the transverse
stress thereby decreasing d,, without appreciable reduction in d,;. Transversely
reinforced cgmpositn have 1-2-3 connectivity, or 1-2-3-0 connectivity if the polymer
matrix is formed In many of these polymer ceramic composites a coupling agent is
required to achieve good stress transfer. .

Savakus'* developed a simplified preparation technique for making composites
with 1-3 connectivity pattern. Composite piezoelectric transducers have been con-
structed by partially dicing PZT ceramics and back-filling with epoxy. Composites
containing 10 to 70 volume percent PZT were prepared with several different rod
diameters. Measured dielectric constants ranged from 200 to 1000, longitudinal
piezoelectric coefficients 4,, from 200 to 350 pC/N, and hydrostatic piezoelectric
coefficients d, from 40 to 80 pC/N.

Another interesting variation on the 1-3 composite is the use of solid-porous-solid
sandwiches of PZT.'* The g, and d,g, of these composites were about 0.3 Vm/N
and 50 x 10~'? m?/N respectively.

COMPOSITES WITH 0-3 CONNECTIVITY

The simplest type of piezoelectric composite consists of a polymer matrix loaded
with ceramic powder. Early attempts to fabricate flexible composites of piezoelectric
ceramic particles and polymers were made by Kitayama,'” Pauer,'® and Harrison.!®

This type of composite does not have the desirable stress concentration factor
found in other connectivity patterns, so the hydrostatic figure of merit is not large.
In many ways the 0-3 composite is similar to polyvinylidene fluoride (PVF,). Both
consist of a crystalline phase embedded in an amorphous matrix, and both are
reasonabiy flexible.

An improved version of the 0-3 composite was synthesized by Safari.® Flexible
piezoelectric composites made from PZT spheres and polymers with 0-3 connectivity
were fabricated using several types of polymers. Two techniques were developed for
making spheres 0.4 t0 4 mm in diameter. The dielectric constant of the composites
were 300-400 and the piezoelectric voltage coefficients g;; were 45-55 x 10~?
Vm/N. The high frequency properties of the composites were measured in both the
thickness and radial mode of resonance. The frequency constants and the coupling
coefficients of the composites for the thickness mode of resonance are comparable
with the corresponding values for PZT. Possibie applications of the composites as
band-pass filters have been developed.
~ But an even better suggestion has been put forward by Banno.?! Rather than
using PZT as the ceramic filler, pure PbTiO, was employed because of its greater
piezoelectric anisotropy. This type of 0-3 composite is capable of greater hydrostatic
sensitivity than PVF,, and although it is inferior to some of the other composites in
d, 8, it is far easier to make.




T TTrTTAT W rE v Ty oW LT O RN TR TR e e e e

® ot g

£

E :
E::Z 6 R. E. NEWNHAM. A. SAFARL. J. GINIEWICZ AND B. H. FOX
CONTINUOUS POLING AND MUPPET DEVICES

Conventional poling methods are limited by the size of the power supply to dielectric
thickness of 1 cm or less. For the continuous poling method® there is no limit on
length in the poling direction. The method utilizes the idea of gradually advancing
thin PZT rods or ribbons past two electrical contacts maintained at the required
potential difference. Electrical contact is achieved through conductive carbon foam
attached to copper electrodes and it is not necessary to attach electrodes to the
sample. It is important to note that thin PZT fibers pole easily relative to the solid
ceramic because of the relaxed mechanical constraints on the PZT grains. In the
devices to be described, an electric field 16-18 kV/cm was used to pole the rods to
saturation at temperatures of only 80°C.

We are experimenting with composites in which pre-poled PZT fibers are arranged
in other than a conventional 1-3 pattern. A triple-pillar composite with fibers
oriented in three perpendicular directions is one such example.” This modified 3-3
- sensor can be used as a polarization analyzer for acoustic waves in which the voltage
e signals from three orthogonal electrodes resolve the wave into its longitudinal

N component and two shear components.

Another example is an acoustic phase plate made by arranging pre-poled pieces in
a selected target array. A simple type of annular phase plate was demonstrated by
Famow and Auld.?* The pattern might conform, for instance, to the Fourier
transform of the shape of an object, or perhaps the elements are phased to detect a
target moving with a pre-selected speed and direction. We refer to these composites
as MUPPETS, Multiply-Poled Piczoelectric Transducers. They come in as many odd
shapes and sizes as the Muppet characters seen on television.

The DOFUSS (named for a comic strip dinosaur) is a composite device made
o from pre-poled PZT ribbon. By poling the ribbon parallel to its length, and later
e electroding the major faces of the ribbon, one obtains a shear sensor or generator

based on piezoelectric coefficient d,;. For many perovskite crystals and ceramics,
coefficient d,, is very large. DOFUSS is an acronym for D-One-Five (d,s) Ultrasonic
Shear Sensor. A number of interesting MUPPET and DOFUSS devices are under

study.
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Polar glass ceramics for sonar transducers

R.Y. Ting
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Glass ceramics are shown in this study to be a new class of transduction materials for application
in sonar transducers. It is found that glass ceramics of Ba,TiSi,O, have high hydrostatic voltage
sensitivity, low dielectric loss, and low dielectric constant. These properties are also shown to be
practically independent of pressure up to 35 MPa. The free-field voltage sensitivity of a glass-
ceramic prototype hydrophone is higher than that based on a commonly used lead zirconate

titanate ceramic element.

PACS numbers: 43.30.Yj, 43.88.Fx, 77.60. + v, 77.20. +y

Since the discovery of ferroelectric barium titanate (Ba-
TiO,) and lead zirconate titanate (PZT),"? ceramics have
been rapidly replacing conventional piezoelectric crystals
for hydrophone applications, and now PZT ceramics are
used almost exclusively in the U.S. Navy’s sonar trans-
ducers. However, PZT ceramics suffer several disadvan-
tages: the values of their hydrostatic piezoelectric constants
are relatively low, and dielectric constants very high. The
density of these ceramics is also very high. Furthermore,
PZT exhibits depoling or aging problems, commonly en-
countered in most ferromagnetic materials.® Therefore,
there has been a great deal of interest in recent years in deve-
loping new transduction materials that offer improved sensi-
tivity and aging characteristics. Several different approaches
such as PZT polymer composites* and piezoelectric poly-
mer> have been investigated. Recently a new family of mate-
rials {polar glass ceramics) has been studied for pyroelectric
and piezoelectric applications.®'! Glass ceramics contain-
ing the crystalline phases of Li,SiO,, Li,8i,0, Ba,TiSi,0y,
Ba,TiGe,0y, and Li,B,0, were shown to exhibit large pyro-
electric responses comparable to those of respective single
crystals. These materials also have low dielectric constant in
the range of 10-20 and attractive piezoelectric properties. In
this letter, grain-oriented Ba,TiSi,O, glass ceramics (BST)
are proposed as new materials for potential applications in
sonar transducers.
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Glass ceramic samples with oriented Ba,TiSi,0, crys-
tallites were prepared by recrystallizing the glasses of com-
positions in the BaO-TiO,-SiO, system in a temperature gra-
dient. Detailed procedure for the preparation of glass
ceramic samples was described in earlier references.®"'
After the recrystallization of the glasses, oriented plates
were cut normal to the temperature gradient and then pol-
ished to thickness =~0.04 cm. Silver-paint electrodes were
applied on both surfaces of each sample for testing. The pie-
zoelectric and dielectric properties of the samples were char-
acterized by using an acoustic reciprocity technique.'? The
theory of this calibration method has been well document-
ed'® and will not be repeated here. The experiments were
carried out in a castor-oil-filled acoustic coupler with tem-
perature and pressure controlled to within + 0.1°C and

+ 0.02 MPa, respectively, and a sinusoidal acoustic pres-
sure applied at 1 kHz. The glass ceramic specimen was a
circular disk approximately 1.2 cm in diameter and 0.04 cm
thick. A PZT-5 sample, 1.3 cmin diameter and 0.6 cm thick,
was tested as a reference. The properties of two commercial-
ly available piezoelectric polymer PVF, samples, obtained
from two different sources, were also measured for compari-
son. Each PVF, sample was a 1.2 1.2 cm square piece.
Their thicknesses were 0.056 and 0.070 cm, respectively.
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FIG. 2. Hydrostatic piezoelectric voltage coefficient g, as a function of
pressure (at 24.5°C).
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TABLE 1. Properties* of glass ceramic in comparison with those of PZT, PVF,, and Li,SO,.

Glass ceramic

Property PZT-$ PVF,; No. | PVF; No.2 {Ba,TiSi,04) Li,SO,*
D(x107Y) 1.73 1.08 1.81 0.003-0.06 e

KT, 1688 10 12 12 10
d,(pC/N) 2l 10 9 9 14
& {1x107* Vm/N) 1.5 112 78 83 148
Thickness (mm) 6 0.56 0.7 0.4 6.4
FFVS

{dBre ! V/uPa) -222 - 202 - 207 - 211 - 187

*Measured at | kHz, 0.5 MPa, and 24.5°C.
*Data from Ref. 16.

The experiments were performed over the temperature
range of 5-45 °C. A pressure cycle was carried out for each
sample by increasing the static pressure in the coupler from
ambient to 35 MPa at 5-MPa intervals, then followed with
decreasing pressure at the same rate. During such a pressure
cycle, the temperature of the system was carefully controlled
at24.5°C.

The hydrophone characteristics of the glass ceramic
sample were also evaluated in a prototype design using a
standard NRL-USRD H23 oil filled hydrophone assembly.
The element was placed in the H23 mount with a rubber
window attached to the face. The device was tested at the
NRL-USRD Lake Facility to obtain its free-field voltage
sensitivity (FFVS) as a function of frequency.

Figure 1 shows the hydrostatic d constant'* of the mate-
rials tested as a function of pressure. The PZT-5 sample ex-
hibited ad,, valueof 21 pC/N at the ambient pressure, which
also increased slowly with increasing pressure. The d,, val-
ues for both PVF, samples and the glass ceramic composite
fall in the range of 9-10 pC/N. PVF, sample No. 1 showed a
1-dB reduction in d, when the pressure was increased from
0.5 to 35 MPa, whereas the reduction for the PVF, sampie
No. 2 slightly exceeded 2 dB. The d, of the glass ceramic
material, however, was constant over the range of hydrostat-
ic pressure of 0-35 MPa. During the decreasing portion of
the pressure cycle, the d, vlaue also remained independent
of pressure. This is in contrast to some ceramic polymer
composites which showed very large pressure hysteresis ef-
fects.'® The piezoelectric voltage constant g, of the glass
ceramic material, shown in Fig. 2, was also found to be inde-
pendent of pressure up to 35 MPa. The g, valueof83x 10~
V. m/N is an improvement over that of PZT-5 by nearly two
orders of magnitvde. PVF, sample No. 1 exhibited an initial
8» value of 112X 107% V m/N which was decreased to
104 10~ V. m/N at 35 MPa, representing a reduction of
0.6 dB. PVF, sample No. 2 gave a g, less than that of the
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FIG 3. Free-field voltage sensitivity (FFVS) of the glass ceramic hydro-
phone as a function of frequency (at 24.5 °C).
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glass ceramic. It was also somewhat pressure sensitive; a 0.5-
dB reduction was found at 35 MPa. Thed, and g, properties
of these materials were also measured at 0.5 MPa over the
temperature range between 5 and 45 °C. The d,, value of the
glass ceramic sample was independent of the test tempera-
ture, but g, increased linearly with temperature by about 0.4
dB from 5 to 45 °C. The results on these samples are sum-
marized in Table I.

The dielectric dissipation of these samples was also
measured at | kHz. It can be seen from Table I that both the
PZT and PVF, material have dissipation in the range of
0.01-0.02. But the glass ceramic samples have extremely low
dissipation, varying from 0.00003 to 0.0006 depending on
the sample composition. This would be very important if one
would consider the material for active transduction applica-
tions.

The FFVS of the glass ceramic prototype hydrophone is
shown in Fig. 3. A-211-dB sensitivity referenced 10 1 V/uPa
was measured, and over the frequency range of 10-100 kHz,
the response was reasonably flat. The PVF, elements gave a
sensitivity of — 202 and — 207 dB, respectively. Although
the FFVS of the glass ceramic is less than those of PVF,, it
should be noted that this sensitivity parameter depends on
both the g, constant of the material and the thickness of the
sample. The thickness of the glass ceramic sample is only
0.04 cm, as compared to 0.056 and 0.070 cm for the PVF,
samples. Because of the high voltage required for poling, the
thickness of poled PVF, that can be fabricated will be severe-
ly limited. On the other hand, thick glass ceramics can be
readily prepared by routine glass fabrication techniques, and
the FFVS then can be easily increased. Asiis, the glass ceram-
ic sample is more sensitive than the 0.6-cm-thick PZT-5,
which givesa FFVS of — 222dBre | V/uPa. Furthermore,
the glass ceramics have low density (3—4 g/cc) and thus lower
mechanical impedance compared to that of PZT ceramics.

Finally, it is noted that the properties of the glass ce-
ramics are approaching those of lithium sulphate crystals
{see Table I). Lithium sulphate has been used in underwater
transducers, and is still a favorite piezoelectric material for
use in many of the Navy’s standard transducers. However,
the availability of lithium sulphate from commercial sources
has declined rapidly in recent years. The glass ceramic
would be a good candidate for its replacement.

Arvind Halliyal and Amar S. Bhalla ackowledge the
support of the National Science Foundation (grant No.
DMR-8303906) for part of this work.
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Grain-Oriented Glass-Ceramics for Piezoelectric Devices

A. HALLIYAL, A. SAFARL A.S. BHALLA.® R.E. NEWNHAM," and L. E. CROSS"

Matenals Research Laboratory. The Pennsylvama State University, University Park. Pennsyivania

Grain-oriented glass-ceramics of Li;Si;0s. fresnoite
(Ba;TiSi;Os). and its lsomorphs Sf;TiSizol and B‘xTiGCIOh
were prepared by recrystallizing glasses in a2 temperature
gradient. Electromechanical and hydrostatic piezoelectric
properties of these glass-ceramics were measured. Piezo-
electric voitage coefficients gy; and hydrostatic voltage coeffi-
cient g, of these glass-ceramics are comparable to those of
polyvinylidene fluoride and an order of magnitude higher than
the corresponding val es of lead zirconate-titanate. These
glass-ceramics seem to be attractive candidate materials for
hvdrophones and several piezoelectric devices. Hydrostatic
piezoelectric properties of Ba,TiSi,Oy and Ba,TiGe,0, single
crystals were aiso measured. The unusually high values of g, in
fresnoite single crystais and glass-ceramics are supposed to be
due to positive dy, in these materials. A composite model is
proposed to explain the positive sign of d,, in fresnoite based on
its crystal structure and internal Poisson’s ratio stress.

I. Introduction

WIDE range of ferroelectric materials is available at present in

ingle-crystal or ceramic form for use in piezoelectric and
pyroelectric devices. In the polycrystalline ceramic form, the polar
axes in individual crystallites are randomly oriented. An essential
feature of the ferroelectric ceramics which makes them usable for
prezoelectric and pyroelectric applications is the ability to reorient
the polar axis in individual crystallites under a high electric field
$0 as (o impart a long-range remnant polar order. In polar but non-
ferroelectric ceramics this orientability is not present. so that
randomnly axed ceramics of these materials have no piezoelectric
or pyroelectric properties and thus they are of no use in this
area. Since many of the noaferroelectric materials have interesting
properties in singlecrystal form, ¢.g., quarz which is the basic
resonant ume standard, an exploration of processing techniques
which might be used to impart a polar texture during the formation
of an ensemble of crystallites could be most interesting.

Glass-ceramics as a class of matenals have several proper-
ties quite different from both single crystals and conventionaily
sintered ceramics. Because of their special characteristics.
glass-ceramics may offer some advantages in the fabrication of
piezoelectric and pyroelectric devices. Even though glass-ceramucs
are used extensively in electronic indusay. not much attention
seemns (0 have been paid to developing glass-ceramics for piezo-
electric and pyroelectnic devices. Recently a new technique
for preparing glass-ceramxcs with oriented crystallites was studied
extensively. ™ In this technique. glasses are recrystallized in a
temperature gradient. It was shown in earlier studies that the
technique is suitable for preparing inexpensive, large-area pyro-
electric detectors and piezoelectric resonators. Using this method.
we have prepared glass-ceramics with both crystallographic and
polar onentation.

The glass-forming systems studied include Li,0-Si0,,
Li;0-5i0:-B;0,. Ba0-Si0:-TiO;, $r0-Si0:-TiO;, and BaO-
GeO,-TiO,. Among the crystalline phases recrystallized from the
glasses within these systems are L1,5i,Oy, Li;B.O+, Ba,TiSi,Os.
Sr:TiSi;04. and Ba;TiGe;Os. One or more of these crystalline
phases are obtained. depending on the composition of the glasses.
All of these crystalline phases are nonferroeiectric and belong to
one of the ten polar point groups. The compositions of the glasses
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were optimized by compositional variations and by the addition of
vanious modifying oxides to obtain glass-ceramics with good phys-
ical properties. Extensive studies have been camned out to optimize
the prezoelectric and pyroelectric properties of the glass-ceramics
by adjusting the composition of the glasses and the crystallizanon
conditions. '~

It has aiso been shown that the polar growth behavior of the
crystallites from the glass matrix depends on the onginal com-
position of the glass. A glass-ceramic is essentially a composite of
a glassy phase and one or more crystalline phases. For glass-
ceramics containung two crystalline phases. a connectivity model
has been developed® based on the principles of series and parallel
connectivity models®’ to predict the piezoeiectric and pyroelectric
properties of glass-ceramnic composites.

In the present study, the hydrostatic piezoelectnic properties of
glass-ceramics of fresnoite (Ba,;TiSi;0,) and its isomorphs
Sr,TiSi,Os and Ba,TiGe,O, are reported. These giass-ceramics
offer several advantages for hydrophone applications, as will be
discussed in a later section. The hydrostatic piezoelectric proper-
ties of Ba,TiSi,0s and Ba,TiGe.O, single crystals were also mea-
sured. The hydrostatic piezoelectric coefficient d,, hydrostatic
voltage coefficient g, and acoustic impedances of these materials
are compared with commonly used .piezoelectric materials like
lead zirconate titanate (PZT) and polyvinylidene fluoride
((CH;F;). = PVF;). The advantages of these materials for applica-
tion in piezoelectric devices are discussed. Finally. a simplified
mode! based on the principles of series and parallel mixing of
phases® is proposed to explain the high value of g, in fresnoite
single crystals and glass-ceramics.

I1. Experimental Procedure

Glasses of several different compositions were prepared by mix-
ing reagent-grade chemicals and melting them in a platinum cru-
cible. Glass-ceramic samples (approximately 1 cm in diameter)
with oriented crystailites were prepared by recrystallizing the
glasses in a strong temperature gradient. The details of the sampie
preparation techaique can be found in Refs. | to 5. X-ray diffrac-
tion and microstructure studies indicated that needlelike crystals
grow from the surface into the bulk of the sample along the direc-
tion of temperature gradient.

For piezoelectric and hydrostatic measurements. sections were
cut normal to the temperature gradient. then polished and coated
with sputtered gold electrodes. The finished samples were approxi-
mately 1 cm in diameter and 0.5 mm thick.

The dielectric constant (K') and loss faciors of the samples were
measured at a frequency of | kHz using an automated capacitance
bridge.* The piezoelectric dy; coefficient was measured with a d,;
meter.” The hydrostatic voltage coefficient g, was measured by a
dynamic method® which is basically a comparative technique. In
this method. a PZT 501 A sample of known g. is used as a standard.
After the sample and the standard are placed in the holder. the
chamber is filled with oil and a static pressure is applied. A func-
tion generator set (o the desired frequency drives an ac stress
generator placed inside the test chamber. The voitage produced
by the sample is displayed on an oscilloscope and compared to
the voltage produced by the standard. By knowing the voltage
responses and the dimensions of the sample and the standard. we
can calcuiate the piezoelectric voitage coefficient g, of the
sample. Corrections were made for the stray capacitance of

*Modei 4270A. Hewilent-Packard. Inc.. Pajo Alto. CA
Modei CPDT 3300. Channel Products. Chesteriand. OH
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Table I. Compositions and Crystalline Phases
Cryswallizanon  Crysailine
Composition T'emp. Q) phases
ZBaO-}SiO:-TiO: 930 Ba,_TiSi;»Og
11.9Ba0-0.1Pv0)-3810,-TiO: 920 Ba,TiSi.0s
2Ba0-0.15Ca0-2.9S5i0,-TiO, 920 Ba,TiSi:04
|.6Ba0-0.4Ca0-2.88i0,-TiO, 930 Ba,TiSi;04
1.6Ba0-0.4Sr0-38i0,-Ti0,-0.2Ca0 930 Ba,TiSi;0,
25:0-35101-1'101 950 Sl'leSth
(1.88r0-0.2B20)-2.88i0,-Ti0.-0.1Ca0 940 Sr2TiSi:0s
Ba0-Ge0--TiO- 300 Ba,TiGe.04
L1,0-1.88i0,-0.2B,0, 605 680 Li,Si,04 +
Li;BO- +
Li»Si0,

Table [1. Electromechanical Properties

Temp. coetf. of
resonance (radiai)

Composition k, (%) &, (%) Q (ppm/°Q)
L120-1.8Si0,-
0.2B,0, 15 20-25 1000-2000  70-100
2Ba0-38i0,-TiO: 14 20-25 1000-2000 100-120
BaO-Ti0+-GeO, 6 8-10 2000-4000 60
25¢0-38i0,-TiO: 11 25-30 1000-1500 50

the sample hoider. From the measured vaiues of dy;. ga. and K.
the pezoelectric voltage coefficient g5 = dyy/ €K and hydro-
static piezoelectnc coefficient dv = gu0K were calculated. The
electromechanical properties were measured by a resonance-
antiresonance technique using a spectrurn analyzer.’

Single crystais (1 cm in diameter) of Ba;TiSi;Os and
Ba;TiGe:0, were grown from the stoichiometric melts by the
Czochralski method. Details concerning the growth procedure can
be found in Refs. 9 to0 I1. ’

I11. Resuits and Discussion

(1) Compeositions and Crystalline Phases

The compositions and crystalline phases of the glass-ceramics
are listed in Table I along with their crystallization temperatures
determined from exothermic peaks in DTA cuns.

It was not possible to obtain giass-cerarmics with reasonable
mechanical strength from a stoichiometnc fresnotte giass com-
position (2Ba0-2S10--TiQ,). The glass composition giving glass-
ceramics with good physical properties and optimized piezoelectne
and pyroelectnc properties was 2BaQ-3Si0.-TiO.. Additions of
a small percentage of PbO. CaO. and SrO helped in obtaining
glass-ceramics with uniform crystallization and good mechan-

‘Modet 1585A. Hewlett-Packard. [nc.. Loveland. CO
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ical strength. Simularly, the optiruzed glass compositions for
Sr2TiSi:0a and Ba,TiGe:O4 phases were 2SrO-3Si0,-TiO: and
BaO-Ge0,-TiO., respectively. The optimuzed composition in the
svstem Li,0-Si0,-B.0; was Li,0-1.85i0;-0.2B,0,. Crys-
tallization temperatures of the glasses ranged from 600° to 950°C.
The crystalline phases of all the glass compositions are also listed
in Table [.

(2) Electromechanical Properties

A summary of electromechanical properues ot optimized glass-
ceramics 1s given in Table [I. Values of the temperature coetficient
of resonance. measured by studving the vanauon of resonance
frequency with temperature for the radial mode. are also listed in
the table. The possibility of tailoring the electromechamcal proper-
ties by varying the composiuon and heat teatment make these
glass-ceramics attractive candidate matenals for piezoelectric
devices. The temperature vanation of resonance frequencies can
be further reduced by suitably modifying the composition of
the glasses.’

(3) Hydrostatic Measurements

The measured values of the dielectric constant. dy;. and g. are
listed in Table {II. along with the calculated values of gs3. du, and
dnga. The properties of Ba:TiSi;Os and Ba, TiGe,0s single crystals
are aiso presented in the table. A comparison of the dielectric and
hydrostatic properties of glass-ceramics with the corresponding
properties of PVF. and PZT 501A 1s given in Tabie [V. The values
of gx and d.gx of glass-ceramucs are comparable to PVF; and much
higher than PZT. Although the values of dy; and 4. of glass-
ceramics are comparauvely low. the magnitudes of 2,; and g, are
high because of their low dielectric constant. " A discussion of
the advantages of these glass-ceramucs in hydrophone applications
is given n Sectior: [1I(S).

(4) Acoustic Impedance

Acoustic tmpedance Z can be calculated from the relation
Z = pc. where p is the density of the material and ¢ is the velocity
of sound un the medium. By measunng the thickness mode f{re-
quency constant V, of the matenal. the velocity ¢ can be calculated
by the relation ¢ = 2V¥,. The values of density. velocity. and
acoustic impedance are listed in Table V. The corresponding prop-
erties of PZT, PVF,, and a number of commonly used materials are
aiso listed in the table for comparison. A discussion of these
properties s presented in the next section.

(5) Application in Hydrophones

A hydrophone is a passive device used as a hydrostauc pressure
sensor. For hydrophone applications. the commonly used tigures
of ment are the hydrostatic piezoelectric coetficient g, and the
product d.g,. For hydrophone applications. the desirable proper-
ues of a transducer material are (1) high 4. and gu: (2) a densaty
suited for acoustic matching with the pressure-transmitting me-
dium. usuaily water: (3) high compliance and tlexibility such that
the transducer can withstand mechanical shock. and can conform
1o any surface: and (4) no variation of g, with pressure.

PZT ceramics are used extensively as prezoelectric transducers
despite having several disadvantages. The values of g, and d,gs of

Table III. Hydrostatic Veasurements

dyy 1431 < EN g
Composition K oC. \» 07 VemND 0" v M\ oC \» 107 m* N

2Ba0-3510,-TiO. 9 7 38 110 338 970
' 1.98a0-0. I PbO)-3810.-TiO, 10 7 30 110 9 - 1070
2Ba0-).15Ca0-2.9Si0--TiO, 10 6 68 78 6.6 300
+1.6Ba0-0 3Ca0)-2.38i0--TiO: 05 6 65 35 79 67
11.68a0-) 45r01-3510,-Ti0.-0. 2Ca0 93 6 *0 100 3.7 37
28r0-3810:-TiO- 13 14 138 35 3.7 "30
1 1.35r0-0.2Ba0)-2 3S5i0,:-0.[CaO-TiO- 106 10 107 100 94 A0
BaQ-GeO--TiO- 15 ) 45 0 33 b30
BaTiSi,0« rsingle crvstaly 1 3 32 120 (2.7 1630
Ba.TiGe-O. (singie crystah 1.4 3 30 120 121 1430
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PZT are low because of its high dielectric constant (=1800). In
addinon. the high density of PZT (=7900 kg/m®) makes it diffi-
cult to obtain good impedance matching with water. PZT is also a
bnute ceramic and. for hvdrophone applications. a more compiiant
matenal with better shock resistance would be desirable.

PVF. offers several advantages over PZT ceramic for hydro-
phone applications. [t has a low density (1760 kg/m’). is a flexible
matenial. and. although it has low ds; and d.. its dielectric constant
ts low enough that large values of piezoelectric voltage coefficients
¢y and g, are possible. Overall. this combination of properues
seems to be very auractive and PVF, transducers are under in-
tensive development.’* However. a major probiem in the use of
PVF, is the difficuity in poling PVF. sheets. A very high voltage
1s necessarv to pole PVF. (about 10 to 100 MV/m) and this puts
a limitauon on the thickness of PVF: that can be poled.

To overcome these problems. a number of composites of PZT
and polymer have been studied in recent years. A detailed descrip-
tion of different kinds of coruposites and the principles involved
can be found in Ref. 13. In a composite. the polymer phase lowers
density and dielectric constant and increases elastic compliance.
Verv high values of g, and d.g» have been achieved with the
composite approach.

From Table [V. it is clear that the piezoelectric coefficients s,
and d, of glass-ceramics are comparable to PVF:, but much lower
than that of PZT. However. because of the low dielectric constant
of glass-ceramucs. the values of g;; and g, of giass-ceramics are
much higher than for PZT. Hence. these glass-ceramics will be
useful in passive devices like hydrostatic pressure sensors where g,
is more important. The vanation of g, with pressure was measured
for giass-ceramics up to 8 MPa. There was no significant vanation
of g, with pressure. In practical use. glass-ceramics may offer
several advantages over PVF; and other ferroelectric matenials for
application in piezoelectric devices.

Since all these glass-ceramics are nonferroelectric. there 1s no
poling step invoived. which is a major problem with PVF;. There
will be no problem of depoling or aging which are encountered
in many ferroelectric matenials. Hence. the glass-ceramics can
be used in devices operaung at high temperatures. Large-area
devices can be prepared by routine glass-preparation techniques.
and hence the cost of the device can be significantly lowered. Since
acoustic impedances of the glass-ceramucs are in the range 18 to
20 x 10° rayls. good acoustic matching can be obtained with
metals like aluminum. Nondestructive testing of aircraft metals
over a wide temperature range is a possibility. These glass-
ceramucs aiso look attractive for use in devices in which glass fibers
are used because of the good impedance matching.

IV. Explanation for the High Value of g, in Ba,TiSi,0,

The g, values of Ba,TiS1.0, and Ba,TiGe;O, single crystals and
glass-ceramics are unusually large compared to other piezoelectne
matenals. An explanation 1s offered here for the high vaiue of g,
based on the crystal structure of fresnoite and an internal Poisson
raco stress.

The hvdrostatic piezoelectnic coefficient d, 1s given by the
equation

d:.:d})‘:d)x 1

For PZT. the piezoelectnic ds. coefficient 1s large (=450 pC/N),
but d, 15 low because the sign of ds; 1s positive and that of dy, 1s
negauve (=—2105 pC/N). Moreover. its hugh dielectnic constant
t=1800) further reduces the voltage coefficients g;y and g,
tTable [II). On the other hand. for fresnoite. even though dy; 1s
low. d, 1s slightly larger than d,, because of posiive ds,. In addi-
uon. because the dielectric constant of fresnoite 1s verv low (=10).
the value of g becomes exceptionally high. An explanation of the
positive sign of dy, 1s given 1n Section [V(2) by considenng the
crystal structure of Ba,TiSi:0,.

11) Composite Model
For a composite consisting of two phases. one-dimensional solu-
uons for dielectric and piezoelectnc properties have been presented

Table IV. Comparison of Hydrostatic Properties

Glass-

Property ceramics PVF. PZT
K ] 10 13 1800
ds: (1072 C/ND §-10 30 150
dy, (10_:' C/N) 1.5 -18 -205
d. (107" C/N) 8-10 10 40
gn (107 Vem/N) 100 250 28
2 (107> Vom/N) 100 10¢ 25
daga (107" m/N) 1000 00 100

Table V. Comparison of Acoustic Impedances

Densiry Veiocity Z x 10"

Medium (kg/m?) tm/s) (kg/m*-s)*
Air 1.2 330 0.0004
Water 1000 1480 1.5
Lead zirconate-titanate 7600 4000 30
Polyvinylidene fluoride 1760 1450 2-3
Aluminum 2700 6300 17
Quartz 2640 5800 15.2
BaO-Si0.-Ti0, 4000 4700 18-20
Ba0-GeO,-TiO: 4780 5020 24
SrO-Si0,-TiO, 3600 5000 18

*kg/m*-s = rayl.
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Fig. 1. Internal stress in composite of PZT fibers and polymer.

for both senes and parallel connectivity.®’ In a number of com-
posites 1t has been shown. both theoretically and experimentally.
that the hydrostatic piezoelectric coefficients d, and g, can be
increased by an order of magnitude over that of single-phase PZT.
Even though PZT-polymer composites are superior to singie-phase
piezoelectnc matenals. some of the composites were not as sensi-
tive as expected theoretically. The reason for this is an internal
stress ansing from Poisson’s ratio. As an example, consider the
internal stress in composites prepared from PZT fibers and a
stiff polymer.

In a 1-3 PZT-polymer composite (Fig. 1), the PZT fibers are
aligned along the polar axis x;. and the polymer matnx phase is
self-connected in all three directions. Further. the PZT and polv-
mer phases are connected in senes along x; and x: and in parallel
along x.. Since the two phases are in series along x, and x.. they
expenence the same stress ;. This assumes that the two phases do
not exert forces on one another and hence intemal stresses are zero.
This assumption is not justified for composites with a small volume
fracuon of PZT. where interphase stress must be considered. Thus
there are two contributions to d,, of composite: those ansing from
external stress o and those ansing from internal stress. In the
equations which follow. the piezoelectnc coefficient dy,. voiume
fraction V', elasuc compliances s,, and si;. and Poisson’s rauo v
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Fig. 2. Composite model for Ba,TiSi;Oy.

of PZT and polymer are designated with a superscript | and 2,
respectively.

Considering only the external swress o, the polarization P, ap-
pearing in the polar direction is given by the following equation

Py =dya, = 'V'idy'a, )

However. if intemal stress is considered. a correction factor should
be applied. This correction arises from Poisson's ratio and will be
referred to as the Poisson’s ratio stress.

When the composite is stretched along x,, it contracts along x,
because of Poisson's ratio. This contraction is controlled by the
compliance and Poisson’s ratio. If the two constituent phases do
not contract equally, an internal stress is generated. The magnitude
of the internal stress can be estimated by assuming that the two
phases remain mated together, or that the strains are equai along
x('ey = *ey). For simplicity it is assumed that both the phases are
elastically isotropic (s = s54;). Under these assumptions. it can be
shown that the internal stress on PZT phase ('o3) is given by

L |”|:” - ZVI:"
7 =@ s+ ('V/2V)iy,
Since the polymer phase is generally far more compliant than PZT,
*si, ® 'sy, whereas the Poisson's ratios are comparable. Equa-
tion (3) then reduces to

3)

_zllzl'uc‘
sy + ('V/V)y,

The minus sign indicates that the internal Poisson s ratio stress acts
oppositely to the applied stress. That is, when a tensile stress o is
applied the internal stress 'o; acting on PZT is compressive. and
vice versa. The internal stress ‘o produces a piezoelectric effect
by coupling through coefficient 'ds,. If both the external stress o,
and the intemal stress 'o} are acting, the polarization along x is
given by

P, = Ivld)|10| + ‘V'd;gIU; (5

The first term on the right is the normal stress contribution and
the second term is due to Poisson’s ratio stress. Coetficient dy, of
the composite is given by

P, (V'd“'(r, - lvld”lc;
dy =—=

4 =g}

1

Ty = 4)

(6)

1t 15 clear from Eq. (6) that d;, 1s greatly increased due to the
internal Poisson ratio stress. Therefore. there will be a reduction in
the magnitude ~f d, (Eq. 1)), lessening hydrostatic piezoelectric
sensitivity of the composite.

(2) Positive dy; in Fresnoite

The arguments concerning internal Poisson’s ratio stress can be
used to explain the positive sign of dy. in Ba,TiSi;O, single crys-
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tals. based on a knowledge of its crystal structure.

The Ba,TiSi,0 structure consists of (Si;0+)*" tetrahedral pairs
and (TiOs)*" square pyramids which are linked to give flat sheets
parallel to {001} planes.' These sheets are bonded together by
Ba®* ions. The structure can be visualized as made up of chains of
deformed TiO, octahedra linked together by a stiff silicate mamix.
In the following discussion, the structure will be considered as a .
composite of two phases: a piezoelectric phase consisting of TiOs
chains (phase !) and a stff silicate matrix which is nonpiezo-
electric (phase 2), as shown in Fig. 2. All the properties with a
superscript | and 2 refer to phases | and 2, respectively. Again for
simplicity, elastic isotropy (sy; = s5,;) is assumed and Poisson’s
ratios of phases | and 2 are assumed to be comparabie. Further, it
is assumed that the piezoelectric phase | is much mare compliant
than phase 2, so that

535 = 15y, B isyy = Iy N
and
'y =ty (8)

Under these assumptions. the internal stress due to Poisson s ratio,
given by Eq. (3), reduces to

'os = 'va 9

The polarization along x;. due to both external and internal
stresses, is given by

Py= 'Vidy'oy + 'Vidy'os
= 'V('dy, + "Vdyp)e (10)
Hence d;, of the composite is given by
dy = ('dy + "Vd)'V (an

It is clear that dy, of the composite can be positive if ' v'dy; > 'dy:.

If the preceding argument is true. the sign of dy, in fresnoite shouid .
be positive, but its magnitude should be very small. The positive
sign of ds, in fresnoite was confirmed by measurements with a dy,
meter and the magnitude of d,, was determiaed as 1.5 pC/N by
standard resonance techniques. For most of the commonly used
ferroelectric materials the value of ds;/ds is approximately -3,
whereas for fresnoite it is approximately +$. From this discussion
it is clear that the posir ve sign of dy, can be artributed to an internal
Poisson's ratio stress acting in the same direction as external stress.
This is the origin of the sizable hydrostatic sensitivity of
BazTiSizog and Ba{l'iGc;Og as well.

V. Conclusions

(1) It has been shown that grain-oriented glass-ceramics in the
systems BaO-5i0,-TiO., Ba0Q-Ge0,-TiO.. and Sr0-S5i0,-TiO.
can be prepared by crystallizing glasses of optimized compositions
in a temperature gradient.

(2) Magnitudes of hydrostatic piezoelectric coefficient di.
piezoelectric voltage coetficient g,. and the dielectric constant
of glass-ceramics are comparable to the corresponding values
of PVF;

(3) Acoustic imgedancqs of these glass-ceramucs are in the
range (8 to 20 x 10° kg/m" s and hence good acoustic matching
can be obtained with metals such as aluminum and commonly
used glasses.

(4)  An explanauon is given for the high value of g, in fresnoute
and its isomorphs. based on the principles of series and parallel
mixing of phases and crystal structure of fresnoite. The reason for
the high value of g. in fresnoite is the positive sign of dy, caused -
by an internal Poisson ratio stress.
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RESONANT MODES OF VIBRATION IN PIEZOELECTRIC PZT-POLYMER
COMPOSITES WITH TWO DIMENSIONAL PERIODICITY

T.R. GURURAJA, W.A. SCHULZE AND L.E. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

B.A. AULD, Y.A., SHUI AND Y. WANG
Department of Applied Physics, Stanford Uiversity, Stanford,
CA 94305

piezoelectric PZT rod-polymer composites with 1-3
connectivity have been investigated. Electrical admittance
plots and laser probe dilatometry of the dynamic displacement
on the composite as a function of frequency are used to
interpret the vibration pattern of resonant modes.

INTRODUCTION

Piezoelectric PZT-polymer composites of different
connectivity pattern have been investigated to evaluate their
adaptability as ultrasonic transducers for medical applications in
the low megahertz frequency range . Among all the different
composites, those with PZT-5031A fibers embedded in Spurrs epoxy
(Polysciences, Warrington, PA) matrix with regular periodicity (1-
3 connectivity) appeared to be very promising for this
application., The present paper is a brief report on the high
frequency dynamic behavior of these composites in resonant
configuration aimed at understanding their physics and possibly
extending their usefulness in devices other than hydrophones.

Samples for the present study consisted of fired PZT-501A
fibers (diameter = 0.45 mm) arranged in square lattice and
impregnated in Spurrs epoxy matrix. Disc shaped composites
(diameter = 1.9 cms) with 5, 10, 20, and 30 volume percent PZT
were cut and ground to proper thickness and poled at 20 kV/cm.

THEORY

Resonance modes which can be expected in a cylindrically
shaped composite are: fundamental radial and thickness modes and
their overtones, and possible resonant lateral modes due to the
regular periodicity of the PZT fibers in the composite.

Radial mode resonance is mainly determined by the sffective
modulus normal to the fiber axis and the average denisty of the
composite. The effectjive modulus CT was calculated by the Reuss
constant stress model®, Similarly the thickness mode resonance
is defined by the effective modulus CL along the fiber azis and

15231183
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the average denisty of the composite. The effective godulus C
was estimated by the Voigt constant strain model For the
effective modulus calculations, elastic sttffnéss of the fxbiB
petgendxcnlar to the length was chosen to be C =12.1 x 10
N/m® and along the fiber axis Young's modulus E 2 1/833 = 10.5x

N/m“ was chosen. For the epoxy, the modulus was determined to
be 4.7 x 1010 N/ ?,

At wavelengths comparable to the unit cell dimensions of the
array, the analysis is more complicated., A Brillouin theory of
elastic wave propagation in a two dimensionally periodic lattice
cortespondgng to composites with 1-3 commectivity has been
developed For laterally propagating shear waves with
polarization along the fibers, the lowest stop band frequencies
have been calculated.

EXPERIMENTAL EVALUATION OF RESONANCE MODES

Absolute value of electrical admittance was measured on
samples as a function of frequency in the ambients of air and
water using a spectrum analyzer (HP-3585A). Here samples of

p different thickness and volume fraction were examined to identify

1 the differeat resonances observed in the 0-2 MHz frequency range.
- The three major resonances of interest are designated as £1, fe10
and f,y as categorized in Table 1. To analyze the nature of
vibration at these frequencies, detailed laser probe measurement
of actual mechanical displac‘rent on the composite was performed
by laser heterodyne technique”. Frequency scans of the ultrasonic
displacement at several points on the composite were combined with
automated position scans across the diameter of the composite at

ts' frequencies f4. £ t1 and ft2 to study the vibration pattern. .
p;~ The resonance frequency f, was inversely proportional to
S thickness of the sample. The vibrntion on PZT fiber was in phase

with that of the epoxy. For samples resonating at low frequencies
(~300 KHz), the amplitude on the rod was only a little bit smaller
than that on the epoxy. The resonance was heavily damped when the

Table 1. Resonant Modes in PZT Rod-Polymer Composites.
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Figure 1. Phase velocities for Figure 2. Unit cells in
PZT-fiber-polyer the composite.

composites.,

resonator was immersed in water. Such a behavior suggests that
this is the longitudinal thickness mode. Longitudinal velocities
of sound along the fiber axis calculated using the resonance
frequency agree very woll with the theoretically estimated values
for the composites of different volume fraction (Figure 1).

Resonances st ftl and f:z are quite similar in nature. For a
cortain volume fraction the resonances always occur at specified
frequencies immaterial of the thickness. This observation
indicates that the two resonances are due to transverse
periodicity in the lattice.

The vibration pattern at ftl can be explained by referring
to Figure 2 which has four umit cells. At this frequency all the
rods vibrate in phase. The vibration amplitude A at points a, b,
and ¢ in Figure 2 follows the relation A < Ay »> A, The phase
difference between points a and b was found to be 180°., The
observed behavior can be explained by the superposition of two
standing shear wave patterns of wavelength equal to the lattice
periodicity (d) existing along both x and y axes. This resonance
corresponds to one of the stop bands predicted by the theory.
Velocity of transverse shear waves, V. = dftl' is tabulated in
Table 1.

At frequency ftZ’ the amplitude A at points a, b, and ¢
follows the relation A, > A > A, Points a snd b vibrate in
phase and there is 180° ;knse‘différenco between the vibrations at
points b and c¢. Superposition »f standing shear waves along the
two disgonals explain the obierved vibrstion pattern. This
lateral shear resonance along thy diagonal fits a predicted stop
band., Again the transverse shear velocity is calculated by the
equation V_ = df‘2/f2. The calculsied shear velocity is sbout 25%
lower than the measured velocity ia epoxy by the transmission
technique (1050-1100 m/sec). This is auite possidly due to the
mass loading by PZT fibers.

The thickness coupling coefficient k, and Q of the composites
are given in Table 2. The dats is mainly divided into two groups.
Thin samples with thickness around 0.6 om resonsting around 2.25
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MHz and thick samples with Table 2. Thickness Mode -

thickness above 2 mm with Resonance.
resonance frequency around 500 .y, ;... Thickoess t N a
KHz. In thin samples, the T - *
resonance frequency is much This $1.1 $.2
higher than that of the strong s ek 2rs e
lateral modes. Therefore, the ) ;
PZT fibers can be pictured as 10 Tais 68.2 1.0
vibrating independently resulting Thick 40.0 1.1
in k, close to that of PZT. The

low & indicates that the PZT rods 20 The e '
sre partially damped by the Thick 331 181
surrounding polymer. For thick Thin - --
composites, the resonance is %0 Tick PR 28

close to the lateral modes and
the vibration of PZT fibers is laterally coupled through the epoxy
ss evidenced by the uniform mechanical displacement across the
sample and is indicated by low k,. The high Q for thick
composites is a result of very low attenuation losses in the epoxy
at around 0.5 MHz.

The radial mode coupling coefficient k_ was 22% for 5% PZT
composites and increased to 27% for 30% PfT composites. The
transverse longitudinal velocity Vo calculated using the resonance
frequency and the diameter of the composite is compared with the
theory in Figure 1. The large discrepancy between the calculated
and measured velocities of transverse longitudinal wave is
probably due to the finite diameter of the PZT fibers. Elastic
stiffening by the PZT fibers is provided only at discrete points
in the composite, and the approximations in the Reuss model are
therefore not completely valid.

SUMMARY

PZT rod-polymer composites with 1-3 connectivity have, in
sddition to thickness and radial modes, complex lateral
vibrational modes due to the periodicity of the lattice. The
correspondence between the theory and experiment for the lateral
modes is remarkably close. The thickness mode resonance in
relatively thick composites follows the Voigt constant strain
model.
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PYRORLECTRIC AND PIEZOELECTRIC PROPERTIES OF SbSI COMPOSITES *

A.S. BHALLA AND R.E. NEWNHAN
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University Park, PA 16802

(Received for Publication August 20, 1984)

Abstrgct-Antimony sulphur iodide (SbSI), in the ferroelectric
phase below 20°C belongs to the orthorhombic point group symmetry
mm2 and has very large pyroelectric coefficient,.piezoelectrio
strain coefficients (d33) and dielectric constant along the polar
o-axis.

Composites of SbSI:polywer in (1:3) and (3:3) and SbSI:glass
fibers in 3:1 connectivity modes have been prepared and electrical
properties are measured. Pyroslectrio and piezoslectric voltage
sensitivities have substantially increased compared to those of
pure SLSI single orystals.

Effects of doping on SbSI and the pyroelectric properties of

the off c—axis cst composites will also be discussed.

tC icated by Profe J. Gonzalo
*This paper was presented at the Fifth European Meeting on Ferroclectricity (EMF5) Benaimadena, Spain, September, 1983
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FLEXIBLE COMPOSITE PIEZORLFCTRIC SENSORS
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Abstract

The plezoelectric properties of several different
composites with 0-3 comnectivity are reviewed. In
these composites a plezoelectric ceramic powder
such as PbZr,__Ti_O, (PZT), PbTiO4 or Pb,__Bi_-
1-x*%x“3 3 1-x"%x
Til_xFe‘Os is used as a filler in a polymer
oatrix. The valuoes of hydrostatic voltage
coefficiout ih of these composites are higher than

the corresponding properties of single phase
materials, Composites with PbTi05 or
(Pb,Bi) (Ti,Fe)0y as flllers  have higher
piczoelectric voltage coefficients than PZT-
polymer composites because of the groater

anisotropy and lower dielectric constants of these
systems. By adding s small smount of carbon to
the piezoelectric composite, poling can be carried
out at much lower voltages and shorter poling
times, making it possible to mass produce the
composites. Fsbrication of 0-3 composites is o
relatively simple process which can be adapted to
the production of piezoelectric fabrics, piezo-
electric cables, and plezoelectric psint.

I. Introduction

A  hydropbone is an ounderwster microphonme or
transducer used to detect underwater sound. The
sensitivity of a bydrophone is determined by the
voltage that is produced by a hydrostatic pressure
wave. The bhydrostatic voltage coefficient, g,
relates the electric field appearing across s
transducer to the applied hydrostatic stress, and

is thorefore & useful parameter for evaluvating
piezoelectric materials for use in bydrophones.
Another plezoelectric coefficient frequently used

is the hydrostatic strsin coefficient, dy, which
doscribes the polarization resulting from a change
ip hydrostatic stress. The g, coefficient is
related to the dp coefficient by the relative
permittivity (K): gy = dy/e K, where s, is the
permittivity of free space,

A useful ‘figure of merit’ for hydrophone
materials 1is the product of hydrostatic strasin
coefficient d; and hydrostatic voltage cooffiiig?t
8- The product dpsy has the units of o“N ",

Other desirable properties for a hydropbone
transducer include (1) low density for better
scoustical matching with water, (11) high

compliance and flexibility so that the transducer
can coaform to any surface and withstand
mechanical shock. Compliance also leads to large
damping coefficients which prevent 'ringing’ in a

16802
passive transducer, snd  (1i1) little or no
variation of the Bh and d coefficionts with

pressure, temperature snd frequency.

Lead zirconate titanate (PZT) is widely used as »
transducer material because of its high
plezoelectric coefficients, However for
hydrophones, TIZT 4is & poor choice for several
reasons, PZI has s large plezoelectric djg
coefficient, but its hydrostatic strain
coefficient dy (= d33 + 2d3;) is small because d3q
and 2d31 are opposite in sign, snd slaost cancel
one apother. Moreover, the bigh permittivity of
PZT (K = 1800) lowers the voltage coefficient gh
to miniscule values. In sddition, the density of

PZT (1.9 |/c13) makes it difficult to obtain good
impedance wmatching with water. PZT is also a
brittle ceramic and for some spplications a more

compliant material with better shock resistance is
desirable.

Other materisls used for hydrop?T?e -ppllcat{g?s
are lead metaniobste PbNb206 and  Pbli0; .
Their dh values are slightly bigher than that of

PZT (Teble 1) and the 8, values are sa order of
magaitude better because of their modest
dielectric constents. Unfortunately, I'tNb,0, and

PbTi03 are also dense, brittle cersmics, which
undergo s large volume change st the Curie
temperature, often  causing fracture during

preparation.

Polyvinylidene fluoride (PVFy = (CNy-CF;) ) offers
several advantages oyer PZT and other
piezoelectric ceu-lcs(2 . Jt has low density,
bigh flexibility, and although PVF; has fow &
and dh' the piezoelectric voltage coefficient g
is large because of its low relative permittivity,

There are,

use of PVFZ.
in poling PVF,.
pole PVFZ

however, problems associated with the
The major problem is the difficulty
A very high field is nececsary to
1.2 MV/cm), and this 1limits Lhe
thickness that casn be poled. Pyroelectric
phenomens in PVFz also produces undcsirably large
polarization fluctuations with temperature,

It is clear that none of the single-phase
matcrials are ideal for hydrophones and there s
necd for better piezoelectric materinlse,
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II. Composite Piezoolectrics

One approsch to the problem {s to develop
composite materials in which the desired
properties can be incorporsted through use of
combinstion of materials with different
praoperties. In designing composite materials for
hydrophone spplications, a logical choice would be
a piezoelectric ceramic and s complient polymer.
In such a composite, the ceramic produces a large
piczoelectric effect, while the polymer phase
lowers the density and permittivity and increases
the elastic compliance.

In 8 cowmposite the electric flux pattern and the
mechanical stress distribution, and hence the
resulting physical and electromechanical
properties, depend strongly on the manper in which
the individual phases are interconnected. JIn this
regard the connectivity of s composite, defined as
the number of Jdimensjons in which cach component
phase is contianuous is of crucial importance.
When referred to in an orthogonmal axis system,
each phase in & composite may be sclf-connected in
zero, one, two, or three directions. For diphasic
composites, there are ten conmectivity patterns
designatcd as 0-0, 0-1, o0-2, 0-3, 1-1, 1-2, 1-3,
2-2, 2-3, and 3-3.

During the past few years, 3 number of
investigators have examined piczoelectric ceramic—
polymer composites with different connectivity
patterns, The method of preparation of these
composites covers s wide spectrum of cersmic
fabrication processes, and the piezoclectric
properties of the composites depend to a large
extent, on the conmmectivity pattern. In this
paper, » brief summary of the piezoelectric
propescties of flexible composites with 0-3

connectivity 1is presented. A more cxtensive
description of the work on other PZT-polymer
composjtes can be found in recent review
papers 5'6).

II1. Dielectric Piezoelectric Properties
of 0-3 Composites

The simplest type of piezoclectric composite
consists of a polymer matrix loaded with ceramic
powder. In a composite with 0-3 connectivity, the
ceramic particles =are not in contact with each
other while the polymer phase is self-connccted in
sll thecee dimensions (Fig. 1). This type of
composite does not have the desirable stress
concentrstion factor gound in soue other
conncctivity patterns(7 , so the hydrostatic
figure of merit ahih is not large. In many weys
the 0-3 composite is similar to polyvinylidene
fluoride (PVE,). Both consist of a crystalline
phase embcdded in an amorphous matrix, and both
are reasonably flexible,

The first flexible piezoelectric composites were
made by embedding PZIvylrtlcles 5-10 pm in size in
& polyurethane film . The 333 cocfficient of
these composites were comparable with PVFZ, but
the dp value was lower than thosc of solid PZT and
PVF, polymer (Table 1).

SEH mivroesraph o oPh Ry et n\‘ AR

composite with -0 conmeat b i

A simils compusite (T-flex) was dcveloped at
loneywelld . using 120 pm particles in ]
siliconc-rubber matrix, The d33 valucs obtained
with thesc compositcs were agair comparable to
PVFZ. The measurcd picrocluectric voltape
cocflicicnt §h was low (Table 1) and further
improvement of piezoelectlric coefficients was
necessary. One dif(ficulty with this type of
composite is thut the piczoclectric particles are
smaller in diemcter than the thickness of polymer
shcet, and poling of the PZT was very poor becauce
the clectrodes were not in direct contact with the
particles, To imfﬁyve the properties of these
composites Harrison fabricated n composite with
much Jarger PZLT pacrticles up to 2.4 mm, ficre the
purticle size opproaches the thickness of the
composite, and since the I'ZT particles ertend from
clectrode to clectrode, ncar satyration poling can
be achieved. The large rigid P/T particles cun
olso transmit applied stress extremely well,
leading to high dy3 veluces when measurements nre

taken across the particles. Permittivity in this
composite is lower than that of heomogcncous P7T,
resulting in an improved voltage concfficient. (e
problem with this type of composite i< that
complete poling cnnuot be achieved and the

piezoelectric propertics of the crmposite vary
from point to point. An improved vercion of lte
0-3 composite was synthesized by Safnfi(q .
I'lexible piezoclectric composites made f(rom P'7]
spheres  and  polymers with 0 3 conncctivity were

fabricated using several types of polymers, Two
technigques were developed for making spheres 0.4
to 4 mm in dismeter., The diclectric constant of

the composites were 3J00-400 aud the picreelectric
voltage cocfficicnts g33 were 45 55 ¢ 10 Vovern,
The high frequency properties of the composites
weee measured in both the thicknese and  radinl
mode  of resonnnce. The frequency conctente and
the coupling cocfficients of the composites for
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the thickness mode of reconance arc comparable
with the corresponding values for PZT, Possible
applications of the com os}tes as band-pass
filters have bcen developed 1o .

But an evin beiser suggestion has been put forward
by Banno 11,12} Rather than using PZT as the
ceramic filler, pure or modified lead titanate was
employed because of its grester piczoelectric
snisotropy, The piezoelectric ceramic fillers
used in these composites are PbTi03, Bi203—
modified PbTi03 and W03—nodified Py, Fine-
grained (~ 5 um) particles of pure FbTiV3 were
made by water quenching sintercd ceramics, while
those of modified PbTi0y and PZT were mado by
grinding sintcred ccramics. To fabricate the
composite bodies, the piczoelecctric powders and
chloroprene rubber were mixed and rofled down into
0.5 mm thick sheets at 40°C using a hot roller,
and then hested at_190°C for 20 minutes under a
pressure of 13 kg/cm”, The composites were poled
in a 100-150 kV/cm for 30 minutes.

As shown in Table 1, the bhydrostatic voltage
coefficient Eh of pure PbTi0, composites is
comparable to that of PVF,. In Elg. 2 the Eb and
d of these composites are plotted as &8 function
o? hydrostatic pressure up to 35 MPa. (5000 P'SI).
It is found that Eh(lS? d, are icdependent of
pressure op to 35 MPa .

Reccntly we have fabriceted flexible composites
with a more sctive piezoelcctric material, The
piezoelectric ceramic filler wused in these
composites is Pbl_xleTll_xFe,OJ (BF-PI) which ha:
a very large spontaneous strain.

There are two reasons why large spootancous strain
is advantsgeous, First, it makes it easy to
obtain & looso ceramic powder of extremely [(ine~
grain size, On cooling {rom high temperature, the
BF-PT ceramic undergoes brittle f{racture at the
Curie point as it transforms from a cubic state to
a tiizggonll phase with c¢/a ratio as large as
1,18 . Water-quenching accolerates the
fracture process, further reducing the particle
size, and making it possible to fabricate very
thin piezo-films. The sccond reason is that

large spontancous strain promotcs greater
piezoelectric anisotropy. This incresses the
bydrostatic sensitivity by reducing the

caocellation betwecen Yiefoeloct:lc coefficicnts
d33 and  d4y. Banno' 1 found that in 0-3
composite ferroelectrics, pure PbTiUJ has a larger
hydrostatic piezoelcctric effect than Pb{Zr,Ti)0,.

The spontancous strain in PbTi03 is about 6%, In
PZT compositions near the morphotropic boundory,
it is about 2%, And since in BEF-PT, the
spontancous strain is as large as 18%, we were nol
surpriscd to find a substantial ivcrease in the
bydrostatic voltage coefficicnts of the
composites,

To fabricate the compositcs, the filler powder is
syothesized [rom the system Pbl-x"ixTil-xrchJ for
which there is a continuous solid solution across
the entire composition range. The composition of

the powders synthesized in this study lie in the
range x = 0,5-0.7. To prepare the filler powder,
Pbo, Ti02, Ri203 and Fe,0y were mixed and ball-
milled with zirconia medis. The ozxides were
subjected to o low temperature (7009C R1U°C)
primary calcination for 1.5 bours, followed by o
sccond high temperature firing (950°C-1050°(C),
Water quenching produces an average particle sirze
of 5 um (Fig. 1). To fabricate the composites,
picznel?ctgic ceramic powders aud eccogel
polymer 15 were mizcd and calendered st 40°C,
The calendered material is then cured at RO® under
slight pressure., Composites were poled in an ROT(
silicone o0il bath by applying a (ield 100-12Q
kvV/ecm  for 20 minules, The poled composites
cxhibits ouvtstanding hydrostatic sensitivily
ottaining values of gy, nnd dhsh well in ezcens  of
the values reported for pure PhliO compasiles
(Table 1)( The gy, and 4y velues of these
cumposites remain  virtually constant over s
broad pressure range (Fig. 2).
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1v. Poling Method

As mentioned carlier, 0-3 composites prepered {rom
PZY, PbTi0z and (Pp,Bi)(Ti,Fe)0, powders arc. poled
at very lsrge field strength ?IOU 150 kv/cm)  in
order to nchieve sufficient poling. The reason
for the necessity of such targe (ields will be
clene from the following discussion.

For a 0 3 composite consisting of sphericol grains
embedded in a metriz, the electric field Fy,
acting on an isolated sphericnl grain is given by

. 3K,
By = Fy
Ky 43K,

In this ecquation, Rl and KZ are the diclectric
constunts of the spherical piczoelecliric prains
and  polymer matrix, respectively, ond ¥ ooois
cxternally applied elcctric field. For a 03
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composite of PbTi0y powder and polymer, | 300
and £, ~ 5. For such a composite with an external
field of 100 kV/cm, the electric fleld acting on
the plezoelecstric particles in only about § kV/cm
which is insufficient to pole the composite.
According to the sbove equation E1~B° only when
the dieloctric constant of tho piezoelectric phasc
approaches that of the polymer phase. Most of the
ferroelectric materials have very high dielectric
constants and bence the above condition cannot bo
satisfiod,

The importance of conductivity to polipg can be
assessed by applying 'hf Maxwell-Wagner model to
the 0-3 conposites(16 . The model leads to a
relationship betwcen the electric field strongth

and the conductivities of the two phases.

After applying a DC poling ficld to the sample for
s time long compared to the sample relaxstion
time, the fjield distribution in a two-layer
capacitor is given by [E{/E; = 0,/04]. Tho field
acting on the ceramic is controlled by o,/0,, the
ratio of the electrical conductivity of the
polymer to that of the ceramic. Sincg the con-
ductivity of the polymer mstrix (~1071471 o1
is about 100 times sm-lier than that of the PZT
ceramic filler (~10712~ -em™)  at room temper-
sture, only a few percent of the poling field scts
on the PZT particles. Under oormal poling
voltages, this is sn insufficient ficld strength
for poling the ferroelectric particles,

One way to increase poling is to increase the
polymer conductivity close to that of the PZT
filler. To do this, we have added a conducting
third phase such as carbon to the PZT-polymer
composite. In preparing these composites, 68.5
volume percent PZT 501 and 1.5 volume percent
carbon were mizxed and dry ball-milled., After
ball-milling, the fillers wcre hand-mixed with
eccogel polymer, and placed in a mold wunder
pressure. It is found that the PZT-polymer
composite with small amount of carbon additive can
be poled in about five minutes under a field of
35-40 kV/cm at 100°C. Fig. 3 shows the effect of
the poling voltage on the J33 values of the
composites when poling is carried out at 120°C,
It is observed that & durstioo of five minutcs is
sufficient for full poliog of the composites,
Piczoelectric and dielectric propertics of some of
these composites are calculated in Table 1 along
with the properties of composites without
conductive phase additive. Further detai)s of the
poling method will be reported elsewhere .

TFlexible 0-3 composite have nlso(?gsn devcloped at
Bell Laboratories by Zipfel . In this
composile s polyurethane matriz material is mizxed
with 30-40 volume percent of a oon-ferroelectric
filler such as tartaric oacid or lithium sulfate
monohydrate. The liquid mixture is ipojected into
an evacuated 3 inch diamcter stecl mold having two
brosd faces spproximstely 1.27 mm apart. While
the polymer is wundergoing polymerization, the
composite is polsrized by applying bhydrostatic
pressure and an electric field. In this way the
piezoelectric crystals suspended in the liquid co-
polymer rotate wuntil they are electrically

RS .
R TR P N Y P, ¥ V)

50

as}

a 3 Min.
o 5 MIN
(] 10 MIN
30 o ISMIN

{AT 120°C FOR ALL SAMPLES)

PIEZOELECTRIC CCEFF, (d,,xpCN™")
o
(&, ]

25 1 1 1 1 _;__J
15 20 25 30 35 a0 a5

POLING FIELD (KV/CM)

Fiv. 3. Variation of o VA BTN ISR TIRD R
composites with pobing volr e,

aligned. After polymerization, the resuiting
rubbery matrizx holds the oriented particles in
polar alignment for maximum sensitivity. The

dielectric constant of this cable hydrophone s
typically 4.2 and the piezoelcctric sensitivity is
stated to be ‘comparable with most of thke other
piezoclectric materials.’

V. Sumwmwary

The dieclecctric and piczoeleciric propertics of
several different types of flexible composites
having 0-3 conncctivity arc described and their
figure of mcrit for hydropbhone applications (dhgh)
arc discussed. Hydrophoncs are wused at low
frequencies where the acoustic signal has o
wavcelength much larger than the scale of the
macrostructure of the composite. Tt is chown that
the hydrostatic voltape coef{ficient gy and  figure
of merit !hdh of ceramic-polymer cemposites are an
order of wmagnitude higher than those of single
phase moterinls. Compositcs fabricoted wilh
(Pb,Ui)(Ti,Fc)OJ showed higher piezoclectric
voltage cocfficient than the other composites
because of the large spontancous strain in  these
syslems. Difficulty of poling 0-3 composites can
be cased by adding 8 small volume fraction of
conductive phase.
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| FINITE ELEMENT MODELING OF PERFORATED
PZT-POLYMER COMPOSITES

S. DaVanzo, A. Safari and R.E. Newnham
The Materials Research Laboratory
The Pennsylvania State University

University Park, Pennsylvania 16802

ABSTRACT

Perforated PZT-polymer composites with 3-1 connectivity patterns have
been fabricated by drilling square holes perpendicular to the poling direction
in prepoled PZT blocks and filling the holes with epoxy polymer. The influence
of the separation between the holes on the dielectric and piezoelectric
properties of the composite was studied. The finite element method has been

used to calculate the stress distributions in this composite. The hydrostatic

dh and éh coefficients have been calculated by summing the individual element

polarization. The calculated values are compared with experimental results.
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INTRODUCTION

PZT-polymer composites for hydrophone applications have been fabricated
for a number of years using different macrosymmetry and interphase connectivity
patternsl_7. Safari and co-worker58 have investigated composites with 3-1 and
3-2 connectivity patterns. The connectivity pattern refers té the number of
dimensions in which the individual phases within the composite are continuous.
A 3-1 composite is one in which the PZT phase is continuous in three dimensions
and the polymer is continuous in one dimension. The introduction of the polymer

phase lowers the dielectric constant K from that of single phase PZT, and

33

increases the hydrostatic piezoelectric charge coefficient d the hydrostatic

h?
piezoelectric voltage coefficient 8> and the figure of merit ghdh.

The 3-1 composites discussed in this study were fabricated by Safari8 by
drilling holes perpendicular to the poling axis in prepoled PZT blocks. The
holes were backfilled with Spurrs epoxy resin and the dielectric constant and
piezoelectric coefficients measured. The 3-1 composites have a lower density
than solid PZT which allows better acoustic coupling with water than does
solid PZT. Depending on the geometry, the 3-1 composites show an increase in

the hydrostatic figure of merit d of a factor of about 30.

n&h
It has been postulated that the increase in the hydrostatic piezoelectric

coefficients is due to a favorable change in the stress distribution within

the composite. In order to better understand the enhancement of the hydrostatic
piezoelectric coefficients a simple series and parallel model was developeds.

In the series and parallel model the composite was divided into three regions

as shown in Figure 1. The two sections labeled A are solid segments of PZT.

The section labeled B contains PZT regions in parallel with polymer regions.

The three sections are connected in series to form the composite. The piezo-

electric coefficients d33, d31 and d32 were then calculated for the composite.
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In calculating d33 and d32 it was assumed that the sections connected in parallel
along the z direction would have equal strain, and those connected in series
would be subject to a stress, equal to the applied stress. In estimating d3l
only the constant stress conditions were used. The three ccefficients were then
combined to yield a hydrostatic coefficient dh’d31+d32+d33'

With the simple assumptions used to describe the stress distribution within
the composite, the series and parallel model overestimated the hydrostatic
piezoelectric coefficient dh' In order to obtain a more realistic stress

distribution within the composite the Finite Element Method (FEM) was used to

calculate the coefficients.

THE FINITE ELEMENT METHOD

The Finite Element Method was used to calculate the stress distribution
within the composites. FEM is a metggd of solving boundary value problems in
which a continuous region is divided into a finite number of small regions.

The differential equation used to describe the behavior of the continuous

system is expanded on a set of simple basis functions termed 'shape functions'.
The behavior of the continuous region is then described in terms of the behavior
of a finite number of points within each element making up the region of interest.
In the elastic problem the behavior of the region is described bv the displacement
of points within the region termed '"nodes'". The displacements of the nodes .become
the independent variables within a set of algebraic equations. The FEM calculates
the displacements of the nodes to obtain a distribution of strains within the
material. The stress distribution is then "recovered" from the strains.

The accuracy of the FEM is controlled by refining the element mesh. The

FEM will converge uniformly* to the "exact'" solution by using an increasingly

* Assuming isoparametric elements are used with other element tvpes the FEM will
converge but not always uniformly.
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larger number of elements to describe the region. The method employed in the
expansion of the differential equation places constraints on the displacements .
of the nodes, hence the model converges from a stiffer model. 1In terms of the
present study, these constraints will imply that the calculated dh coefficient
will be underestimated by the FEM. The mesh size can be reduced to a point
which will yield an error of less than 107% without the cost becoming prohibitively
expensive.
The FEM was used to calculate the hydrostatic piezoelectric dh coefficient
for 3-1 perforated composites. The method involves the following five step
procedure:
STEP 1. Divide the composite into a large number of finite elements. A sample
"grid" is shown in Figure 2. The elements used in this study are cubic
blocks 0.25mm on a side. The nodes referred to earlier are the corners
of the cube. .
STEP 2. Generate the elemental data for the grid. The elemental data consists
of the positions of each node, the material making up the element .
(ie. polymer or PZT), and the mechanical load on the element. The way
in which the nodes are arranged is important for minimizing computational
cost and accuracy. The nodal arrangement is chosen to minimize the
maximum difference between node numbers in any element.
STEP 3. Calculate the stress distribution by the FEM. The FEM calculates the
six components of the stress at the centroid of each element.
STEP 4. Calculate the polarization at the centroid of each element using the

relationship Pi=di for PZT.

7k 5k
STEP 5. Sum the element polarizations and calculate the hydrostatic piezo-

electric charge coefficient d The composite polarization was

h’ .

calculated using a series and parallel model which assumes that the

electrode surface is a constant potential surface.

|
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The dielectric constant K33 was calculated by dividing the composite into
the same Finite Element grid. The dielectric constant was then calculated

using a similar series and parallel model, and summing the polarizations.

RESULTS AND DISCUSSION

The hydrostatic piezoelectric charge coefficient dh was calculated for 3-1
perforated composites with 2 square holes. The hole size was 2.5mm on edge.
Figure 3 shows the dh coefficient plotted as a function of x (The center to
center distance for adjacent holes). The figure compares calculated (solid line)
and measured values (squares). The values calculated by the FEM fall below
the measured values; this is to be expected as the FEM converges from a
stiffer model.

Figure 4 shows the dielectric constant K33 as a function of x. The dielectric
constant was calculated using the same FEM grid and the series and parallel model.
There is good agreement between the calculated dielectric constant and the
measured dielectric value.

The hydrostatic piezoelectric voltage coefficient & is shown plotted as a
function of x, for both calculated and measured values, in Figure 5. The co-

efficient g, was calculated from the relation gh=d /K The properties

h' "33°
calculated using the FEM show good agreement with those measured in the
laboratory.

In the process of calculating the hydrostatic piezoelectric coefficients
the FEM calculates the distribution of the six components of stress tensor
throughout the composite. The stress distribution is helpful in elucidating
which composite designs will maximize the normal stress in the Z-direction

while at the same time minimizing the X and Y components. The stress

distribution will also show areas of stress concentration. Stress concentrations

can be detrimental under high loads; causing depoling and fracture.
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The stress distribution for a 3-1 perforated composite is shown in

Figures 7-10. The applied load was a hydrostatic load of 689.5 x lO3 Pa (100 psi).
Each figure is a contour map of one of the six components of the stress tensor.
The components are projected onto a plane parallel to the Y axis at a point
0.125 mm into the composite. The plane on which the contour plots are projected
is shown in Figure 6. On each figure the contour lines follow paths of constant
stress. By identifying the magnitude of each line it is possible to determine
the stress at each point within the composite. As an example the rectangular
region in the center of Figure 7 (XX-component) is enclosed by the 350 x lO3 Pa
(50 psi) contour. This same region is enclosed by the 950 x 103 Pa (135 psi)
contour in Figure 8 (YY-component), and by the 1850 x lO3 Pa (250 psi) contour
in Figure 9 (ZZ-component).

Areas with a high density of lines represent regions with a large gradient
of the particular component of the sé;ess. For example the hole interface in
Figure 7 shows a change from 750 x 103 Pa (120 psi) outside the hole to
350 x lO3 Pa (50 psi) within the hole. The maximum in the XX and YY components
of the stress occurs at the corners of the holes as is visible in Figures 7 and
8. The value of the maximum is only 2.3 and 1.5 times the applied load for the
XX and YY components respectively. In Figure 9 the maximum stress occurs
along the edge of the composite. This maximum is approximately 3.6 times the
applied load. It is this increase in the ZZ component of the stress which is
responsible for the increase in the hydrostatic piezoelectric coefficients
but would also be responsible for fracture or depoling under high loads. The

.‘ ' areas that would depole first are the regions surrounding the holes. Studying
Figures 7 and 8 show that the normal components of the stress orthogonal to

the poling direction are maximum at the hole interface. Fracture would occur

t.rst in the pillar regions between the holes and at the composite edge.

S Figure 9 shows that the maximum in the z component of the stress tensor is
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approximately 3.6 times the applied load in these pillar regions. Care must be
. used in the design of these type of composites to make sure that the enhancement
of the stress in the pillar regions is not great enough to degrade the mechanical

integrity of the composite while at the same time maximizes the enhancement of

the hydrostatic piezoelectric properties.

Studying Figures 7-9 show how the holes decrease the influence of the loads

b]
-t . .
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in the X and Y directions on the polarization in the Z direction. The goal of

these composites is to reduce the influence of d3l and d32 on the hydrostatic

coefficient dh. Since it is not possible to change the coefficients of single

phase PZT, the composite is designed to reduce the 9 and g, components of the

4

stress in the PZT phase. Figure 10 shows a contour map of the P3 component of ;i
the polarization. It shows that the net effect is to increase the polarization ??
in the pillar regions adjacent to the holes. It is this increase in the ﬁ
polarization which is responsible fo; the increase in the hydrostatic piezo- ;j
electric coefficient dh of the composite from that of single phase PZT. The Eﬁ
pillar regions shown in Figure 10 suggest that in designing composites for :3
hydrophone applications the emphasis should be placed on maximizing pillar i;
structures in the direction parallel to the poling axis. i%
The difference between the properties predicted by the series and parallel :&
model and those predicted by the Finite Element technique can be attributed Eg
to the more realistic stress distribution. The simple assumptions used in the ~
series parallel model do not hold for these composites. The Finite Element ;E
Method provide insights for future design criteria by allowing one to choose a ég
geometry which will yield the desired stress distribution. hj
?j
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Fig. 1. Schematic diagram of perforated 3-1 composites.

(a) with square hole.

(b) with sectioning in two parts A and B.

(c) with sections 1B and 2B of part B of the
composite.
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OF ALKALINE-EARTH FLUORIDE SINGLE CRYSTALS

Z.Y.MENG *, Y M. SUN and L.E. CROSS **

Materials Research Laboratory, The Pennsylvania State University,

University Park, PA 16802, USA

Received 3 August 1984

The separated electrostriction tensor components for alkaline-earth fluoride single crystals have been measured by the
converse method using the uniaxial stress dependence of the dielectric permittivity. Values obtained for the individual com-
ponents of the electrostrictive voltage coefficients were My; = —0.116, M2 = 0.109 and M44 = 0.538 for StF, and My, =
-0.107, My3 = 0.123 and M4q = 0.594 for BaF,, respectively, in units of 1072° m2/v2, The corresponding values for CaF

have been reported elsewhere.

In the space group 0'5(, CaF,, SrF, and BaF, are of
interest as a set of isomorphous cubic crystals with the
fluorite structure which are good electrical insulators.
The separated quadratic electrostriction tensor com-
ponents for calcium fluoride have been reported in ref.
[1]. In this note, measured values of electrostriction
coefficients for alkaline-earth fluoride single crystals
StF, and BaF, are given. Apparently there are no
previous measurements of electrostriction tensor com-
ponents for these crystals.

The measurements were made using the uniaxial
stress dependence of the dielectric permittivity. The
apparatus and procedures in the present experiment
are the same as those described in a previous paper
[1]. Samples of strontium and barium fluoride single
crystals of high-purity optical grade were purchased
from Harshaw Company and prepared in the form of
flat cylindrical plates 23 mm in diameter, 1.5 mm in
thickness. Plates with {100), {110), and (111) direc-
tions normal to the major surface were prepared.

From measurements for a sequence of different
stress levels, the variations of electrical capacitance of

* On leave from the Department of Electronic Engineering,
Xian Jiaotong University, Xian, Peoples Republic of China.
** Also affiliated with the Department of Electrical Engineer-
ing.
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Fig. 1. Uniaxial stress dependence of capacitance change for
SrF,.

the SrF, and BaF, samples shown in figs. 1 and 2
respectively were obtained. In order to facilitate com-
parison of the capacitance variations for CaF,, StF,
and BaF, in each crystal orientation, these results are
plotted in figs. 3, 4 and S for (100), {110} and (111}
orientations respectively. It is clear that there is an in-
crease in the capacitance (and therefore the dielectric
constants) with stress for (100) orientation, but a de-
crease for both (110) and (111) orientations. The plots
for {100) and (110) orientated crystals are very similar

0 167-557x/84/$ 03.00 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Fig. 2. Uniaxial stress dependence of capacitance change for
BaF 2.

to those of alkali halides [3,4]. Under applied uniaxial
stress, however, the capacitance changes for alkaline-
earth fluorides are obviously lower than those of alkali
halides.
en subjected to hydrostatic pressure, these crys-

tals $how a decrease in dielectric permittivity [5,6]. In
orderto calculate the electrostriction tensor compo-
nents, the values for the hydrostatic M-coefficients were
calculated from the data of ref. [6]. The values are M;,
=0.1012 £ 0.005 for SrF%and MQ =0.1362 + 0.005
for BaF, in units of 10~20 m2/V< respectively. Using
these values and the slopes of the curves in figs. 1 and
2, the values of the separated tensor components can
be obtained and are summarized in table 1.

In the measurements, the major potential sources
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Fig. 3. Uniaxial stress dependence of capacitance change ior
¢100) orientated CaF,, SrF; and BaF;.
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Fig. 5. Uniaxial stress dependence of capacitance change for
(111) orientated CaF,, SrF, and BaF,.

of error have been discussed in the previous paper.
The total error of measurement value from all sources
is estimated to be less than +10%.

In view of the correlation expected between elastic
compliance, thermal expansion and electrostrictive

Table 1
The electrostriction tensor coefficients for alkaline-earth
fluoride single crystals in units of 10-20 m2/v2

Crystal My, My, My M1212?
CaF,y -0.132 +0.117 +0.507 (+0.128)
SiF, -0.116 +0.109 +0.538 (+0.138)
BaF, -0.107 +0.123 +0.594 (+0.149)
D Maa = 4My213.

545




A S A 34 D A AT A T A S R |

r—
.-
.
-
g
»
g Volume 2, number 6A&B MATERIALS LETTERS September 198_4
"
behavior, the trends of the data with changing cation References
are as expected. The consistency and regularity of the
data give added confidence to what is an exceedingly [1} Z.Y. Meng and L.E. Cross, J. Appl. Phys., to be published.
difficult experimental procedure, and suggest that the [2] K. Bitte.nmeyer. Ph.D. Thesis, The Pennsylvania State
converse method of measurement may be more reli- University (1984). .
ble tha lier att direc t [3] G. Balakrishnan, K. Srinivasan and R. Srinivasan, J. Appl
able than earlier attempts at direct measurement. Phys. 54 (1983) 2675.
[4] P. Preu and S. Hanssuhl, Solid State Commun. 45 (1983)
619.
(5} C. Andeen, D. Schnele and J. Fontanella, Phys. Rev. B6
(1972) 591.
[6] G.A. Samara, Phys. Rev. B13 (1976) 4529.
546

PESCNCN, B -t

1

TF .4 2
%




— - T W T e T Y e T T T TR YTV .
aadasa 2K A W i G B vk B e S g gegl gl en Al iR il DA AR REr A TN LT e A .- . LA Pl .
<® .

TR
b
| RN
e o
No,ow
O
S
L

POLARIZATION AND DEPOLARIZATION BEHAVIOR OF HOT PRESSED
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POLARIZATION AND DEPOLARIZATION BEHAVIOR OF HOT PRESSED LEAD
LANTHANUM ZIRCONATE TITANATE CERAMICS

YAQO XI, CHEN ZHILI, AND L.E. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstract-Studies have been made of the polarization and depolar
ization behavior for lead lantbanum zirconate titanate ceramics
with zirconia:titania ratio 0.65/0.35 and La,05 content from
0.07 to 0.095 (7:65:35 to 9.5:65:35). Continuity of the dielec-
tric dispersion on cooling unbiased freshly de-aged samples
suggests that across this whole composition range for tempers-
tures below the dielectric mazxima, there are no macroscopic
phase changes. Large remanent polarizations may be built up at
low temperatures by cooling under suitable DC bias, but the
coramics will ’'stand off’ significant bias levels applied at low
tomperature and remain dispersive. Depoling om heating becomes
progressively less abrupt with increasing La 03 content but is
always accomplished well below the temperature of the dielectric
maximum., A model involving the ordering and disordering of
polar micro-regions under electrical and thermal fields accounts
well for the observed properties.

INTRODUCTION

The thermal depolarization bebhavior of electrically poled 1lead
lanthanum zirconate titanate (PLZT) ceramics with compositions in the
range of Pb2r0.6sT10.3503 with L.203 additions of 6-, 7-, and 8§-mole%
L1203 have been of interest for the behavior of the pyroelect{}c
current, dielectric response, and electro-optic characteristics .
It was clear from the early studies of Keve' that depolarization of a
short—-circuited PLZT of composi-tiom 7:65:35 occurs at a temperature
well below that_of the dielectric permittivity mazimum. Dielectric
data of Salanek” suggest that the K' maximum is strongly dispersive
as in ferroelectrics with diffuse phase transitions agelaxors). More
recent measurements by Kimura, Newnham, and Cross” of the elastic
shape memory effect suggost that the shape changing ferroelastic
macrodomains are lost in these corsmics at the lower depoling tem-—
perature.

The present study was carried out to investigate more fully both
poling and depoling characteristics of transparent hot pressed PLZTs
covering the composition range from (7 to 9.5):65:35. Data for the
8% L|203 composition have been presented antlier7. but some are
reproduced again here to compare with the 8.8 and 9.5% Lu203
compositions,

SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE
Ceramics used in these studies were provided by the Shanghai
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Institute of Coramics in China. Wafers used in the present study
were cut from boules of near theoretical density, high optical trans-
parency and mean grain sizes in the ranmge 2 to 5 um.

Dielectric properties were measured on a computerized automatic
measuring system using the HP LCR meters HP 4274A and 4275A under HP
9825 computer control. Pyroelectric currents were moasured with an
HP 4140B picoamperemeter. A Delta Design 2300 environment chamber
covered the range -150 to 200°C and temperature were measured with a
platinum resistance thermometer on a Fluke 8502A digital multimeter,
Special software was developed for automatic measurement and all daty
were recorded on flexible magnetic disks.

EXPERIMENTAL RESULTS

The tempoerature dependence of dielectric permmittivity in
8:65:35 PZT cooling under zero bias, and under a DC bias of 3 kV/ca
for a cooling rate of 3°C/min is shown in Figure la and 1b. Sup-
pression of the dispersive behavior (relaxor character) under bias is
clearly evident at temperatures below 55°C., Similarly for sn 8:65:35
PLZT sample cooled to -75°C then biased to 3 kV/cm and heated at
3°C/min (Fig. 2), the persistence of the dispersion up to a tempera-
tuore T, followed by a suppressed no dispersive region (2) a re-
emergence of dispersion below Tm (3) and the conventional higher
temperature non-dispersive regions (4) are quite evident. That T
and Tm aze poling and depoling temperatures is evidenced from the
pyroelectric currents (Fig. 3), and the integrated current shows the
corresponding build up and decay of macroscopic polarization.

Data has already been presented to show that Tf decreases with
increasing bias field, and the kinetic na;ure of the change is evi-
dent from the dependence upon heating rate’.

In the 8.8/65/35 PZT, on cooling a freshly de—aged sample again
the dispersive character of a relaxor ferroelectric is clearly evi-
denced (Fig. 4a). Here, however, under evenm high DC bias of 15 kV/ca
the relaxation is not completely suppressed and there is no evidence
of an abrupt change such as that seen in the 8/65/35 compositionsg
(Fig. 4b). That the polarization builds up and decays in s rather
similar manner to that in the ceramics of lower lanthanum content
is,however, evident from the integrated pyroelectric response for a
sample cooled under field (Fig. 5[2)) as compared to that of s sample
> cooled without field to -100°C then biased to 3 kV/cm and heated at a
L - constant rate of 3°C/minute (Fig. 5[1]).

§ It may be noted that the major changes with increased ano3
N content is that the polarization levels are lower, the changes are
b more gradusl and occur at lower temperature.

- In the 9.5:65:35 this trend is continued (Fig. 6) and here a
L ) higher field of 6.6 kV/cm was used to produce comparable polarization
changes. Larger polarization levels can be induced in both 8.8 and
9.5% L1203 compositions, but only by going to much higher field
levels.
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DISCUSSION

The continuity of the dispersion curves in all samples below T
suggests that in the absence of a driving field none of the materials
goes through a normal macroscopic phase change below Tn. This would
appear to be co&f)irned by recent measurements in Shanghai of W, Yin
and colleagues who show that in grein grown PLZTs of the 8:65:35
composition the individual grains have isotropic optical properties
below T_ in the absence of an external field.

For the 8.8:65:35 and 9.5:65:35, the dispersion and poling:
depoling behavior are remarkably similar to those observed in
Pb(MgllsNb2/3)03. P"‘S°1/2T‘1/2)°3 and other relaxor ferroelectrics.
It is thus tempting to apply the model of ordering of polar micro
rogions under field, and disordering under temperature to describe
the observed build up and decay of polarization, That the 8:65:35
composition is optically isotropic grain by grain on cooling again
suggosts the model of disordered polar micro-regions, However, in
this composition the disordering is rather abrupt and has many of the
foatures of a phase change.

We suggest in speculation, that in analogy to magnetism, the
PMN, PST, 8.8:65:35 and 9.5:65:35 compositions may be superparaelec-
tric but that in the 8:65:35 the phenomena may be more analogous to
that of critical saperparamagnetism.
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In single crystal lead scandium tantalate micro-domains with an ordered arrangement of Sc: Ta have been observed directly
in transmission electron microscopy. The scale of the ordered structures in the size range 35 to 120 nm agrees well with

a
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earlier indirect measurements from X-ray superlattice line broadening.

Lead scandium tantalate Pb(Scq 5Tag 5)0; (PST)
is a most interesting example of the mixed B cation
lead containing PbBO4 perovskites, materials which
often show *relaxor-type” diffuse ferroelectric tran-
sition behavior. In PST, X-ray studies have shown that
this material lies very close to the boundary between
order and disorder in the Sc3*: Ta5* arrangement on
the B sites so that the degree of ordering can be con-
trolled by suitable thermal treatment [1].

The key role of local compositional heterogeneity
in the ditfuse transition behavior is evidenced in PST
by the fact that quenched disordered crystals and ce-
ramics show classical relaxor character with a broad
frequency-dependent maximum in dielectric permit-

intensity and profile of the superlattice reflections
from ordered domains. The purpose of the present
note is to present the first direct evidence for the ex-
istence of such ordered micro-domains using trans-
mission electron microscopy (TEM).

278

Single crystals of Pb(Sc( 5Ta )05 for TEM study
were grown by a flux technique which has been de-
scribed elsewhere [4]. X-ray diffraction analysis indi-
cated that the as grown crystals were 70% ordered.
The degree of line broadening suggested that the micro-
domain size was in the range of 10—100 nm. Electron
transparent thin foils for TEM investigation were pre-
pared by argon-ion-beam thinning using 6 kV argon
ions incident 12° to the foil plane. The samples were
examined using a Philips EM400 transmission electron
microscope operating at 120 kV.

The ordered domain structure was visible in the
TEM only when the foil was suitably oriented to in-
clude superlattice reflections in the diffraction pattern.

S tivity over the Curie range whereas the annealed high- A bright-field image of the ordered domains is shown
Lo ly ordered material exhibits a sharp first-order phase in fig. 1. The micro-domains appear as ordered regions
- change [2,3]. separated by antiphase domain boundaries (APBs) [5},
t.—'_‘_ Heretofore, the size and shape of the ordered and they can be seen to range in size from =35 nin

h - micro-regions in crystals and ceramics has been de- to =120 nm consistent with the results of the X-ray
r_!‘ duced indirectly by X-ray diffraction analysis of the diffraction studies. The APBs were visible in dark field

only when a superlattice reflection was used to form
the image.

The diffraction pattern corresponding to the bright.
field image of fig. 1 is shown in fig. 2. The crystal was
oriented with the electron beam parallel to the <21 1)
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Fig. 1. Bright-field transmission electron micrograph showing
antiphase domain boundaries in single crystal PST.

zone axis in order to excite strong superlattice reflec-
tions of the type {111} and {311}. The diffraction
pattern has been indexed so that the indices refer to
the double-cell unit cell of PST (a5 = 0.813 nm).

In a subsequent paper, we shall present a complete
electron microscopy characterization of these materials
including a comparison of single crystals and polycrys-
tals and the effects of varying degrees of disorder in-
duced by thermal annealing. Quantitative analytical
electron microscopy will be used to study the micro-
chemistry of the domains using STEM microanalysis.
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Fig. 2. Selected area diffraction pattern ((211) zone axis) cor-
responding to the bright-field image of fie. 1. Note the presence
of superlattice retlectionsat g =111 and 131.

The authors are grateful to the Office of Naval
Research for financial support of this work.
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DIELECTRIC CONSTANT IN A FLUOROPEROVSKITE, KMgF3
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Pressure dependence of the refractive index and dielectric constant in a fluoroperovskite, KMgF,

Kenji Uchino and Shoichiro Nomura
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K. Vedam, Robert E. Newnham, and Leslie E. Cross
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(Received 30 June 1983)

The hydrostatic-pressure dependence of the refractive index and the low-frequency dielectric con-
stant of a perovskite-type single crystal, KMgF;, have been determined at room temperature. The
refractive index n for A=589.3 nm increases monotonously in proportion to pressure p with a slope
of 3n /3p=2.46X 10~* kbar=—'. On the other hand, the dielectric constant at 10 kHz decreases with
increasing pressure, from which ¢he electric-displacement-related electrostrictive coefficient Q,
(=0, +2Q,) is calculated as 0.24 m*C~2 These data are compared with the dn /3p values and
the Q, coefficients of various alkali fluorides and perovskite oxides.

1. INTRODUCTION \

The electric-displacement-related electrostrictive coeffi-
cients of a cubic perovskite-type or a rocksalt-type crystal
{m 3m) are defined by

and
1 82X2 ’l
Q:z—2 ap,?’ (2)

where x, and x, are the longitudinal and transverse-
induced strains, respectively. By using a Maxwell rela-
tion, Egs. (1) and (2) are transformed as follows:

1 A1 /€x€;)
Qi=- 2 ax, (3)
and
1 9(1/€0€)
Qu=-— 2 ox, . 4)

These equations indicate that the electrostrictive coeffi-
cients can be obtained by measuring the stress X depen-
dence of the reciprocal dielectric permittivity (1/e).
When a hydrostatic pressure p (= —X,=—X,=~X;) is
aprlied to a paraelectric crystal, the pressure dependence
of the dielectric constant is represented by

a”/‘l)
o

where Q) =0, +20Q,, and ¢ is the permittivity of free
space.

Recent investigations of perovskite-type oxides have
clarified the relationship between the electrostrictive effect
and crystal structure.'~* The electrostrictive coefficient
Q, differs by an order of magnitude depending on the de-
gree of order in the cation arrangement of complex

= ZEth » (s)
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perovskites. Because of these variations, it is interesting
to examine perovskite-type halide crystals which are
amenable to a rather simpler theoretical treatment than
the oxides. This paper is concerned mainly with the elec-
trostrictive properties of a perovskite-type fluoride,
KMgF;. If we assume that a certain ionic shift causes the
same elastic strain in fluorides and oxides on the basis of
an intuitive “jon-rattling” model,’ then the electrostrictive
Q coefficients in fluorides are expected to be larger than
in oxides because the lower valences in fluorides result in
smaller induced polarizations.

We have measured both the dielectric constant and the
refractive index at room temperature as a function of hy-
drostatic pressure, so that the dielectric constant is
separated experimentally into two parts, €4 and €on,
which originate from the electronic polarizability and
from the ionic shifts, respectively. It is also interesting to
separate the contribution of the electronic polarizability to
the electrostriction from that of the ionic polarizability,
especially in simple low-permittivity dielectrics.

The fluoride used in thls study, KMgF;, was first syn-
thesized by van Arkel,® and has a simple cubic
perovskite-type structure with a lattice constant of
a=3.973 A at room temperature.” The elastic moduli
have been measured precisely by the pulse superposition
technique as a function of hydrostatic pressure and re-
vealed no anomaly up to 2.5 kbars, showing only a gradu-
al increase in stiffness.?

II. EXPERIMENTAL RESULTS

A. Pressure dependence of refractive index

Since the procedure for this measurement is the same as
that described earlier,” only a brief outline is described
here. In principle, Ramachandran’s interferometric
method'® was adapted to an optical high-pressure cell. A
schematic diagram of the experimental arrangement is
shown in Fig. 1. A single-crystal plate of KMgF; with
orientation (100) and dimensions of about 10X 10x2

6921 ©1984 The American Physical Society
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To 14 kbar To 7kbar
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Vidicon
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3 Filter
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FIG. 1. Schematic drawing of the experimental arrangement for measuring the refractive-index change under high hydrostatic

pressure.

mm?® was cut, ground, and polished to be nearly optically
paraliel, so that localized Newtonian interference fringes
could easily be observed across the major faces of the
crystal. The major surfaces were then coated with a thin
film of aluminum to increase the sharpness of the fringes.
The two-stage optical pressure vessel was of conventional
design, with two single-crystal alumina windows whose
optically flat surfaces were kept pressed against matching
optically flat faces of two steel plugs. The two windows
are positioned in such a way that neither window experi-
ences a pressure difference greater than 10 kbars at any
time. Two Harwood intensifiers with conventional hand
pumps served as the pressure generating system. Pres-
sures up to 7 kbars could be read off directly with the
help of a calibrated Heise gauge accurate to +7 bars. For
higher pressures a manganin resistance gauge was em-
ployed in conjunction with a Carey-Foster bridge. Plexol
262 [di-(2-ethylhexyl) adipate] marketed by Rohm and
Haas Co. was used as the fluid-pressure medium.

The specimen suitably supported in the pressure ceil
was illuminated with collimated light from a sodium
lamp (A=589.3 nm) and the localized fringes on the
specimen could be observed through a telemicroscope or a
vidicon camera coupled to a TV monitor. When the
specimen is subjected to hydrostatic pressure, both the
thickness and the refractive index of the crystal change,
with consequent shift of the fringes across a fiducial mark
on the specimen. The change in the refractive index An is

calculated from the interference formula
An=(mA—=2nAt)/2¢°, {6)

where m is the number of fringes shifted, ¢ is the initial
thickness of the specimen, At is the change in thickness
due to the compression, and A is wavelength of the light.
Elastic stiffnesses of ¢;; =138 GPa and c¢;=44 GPa
(Ref. 8) were used to evaluate At

Figure 2 represents the variation of the refractive index
n (the initial value n°=1.404) of KMgF; at room tem-
perature for hydrostatic pressures up to 14 kbars. The re-
fractive index for A=589.3 nm increases linearly with a
slope of 2.46x 10~* kbars~' up to about 9 kbars, and
thereafter a clear departure from linearity is observed.
This could be interpreted as either (a) nonlinear piezo-
optic behavior brought about by nonlinear elastic behavior
at high pressures or (b) possible onset of a phase transition
at 9 kbars causing a change in the slope An/Ap. Recent
precision measurenhents by Jones® on the elastic constants
of KMgF; and their variation with pressure up to 2.5
kbars indicate that KMgF; behaves quite normally like
most other crystals, whose compressibility decreases with
increasing pressure. On the other hand, all the crystalline
materials studied thus far®'"!? exhibit either linear or
sublinear An /Ap relationships at high pressures, whereas
KMgF; exhibits a superlinear An/Ap relationship as
shown in Fig. 2. Hence it is unlikely that this unusual
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Al A=5893 nm *

ﬂ%= 246 %107 kpar™!

n% = 1.404

Change in Refractive Index ( 107)

0 ) Z 3 g0 1z 14
Hydrostatic Pressure ( kbar)
FIG. 2. Variation of the refractive index in KMgF; with hy-

drostatic pressure, measured with a sodium lamp (A =589.3 nm)
at room temperature.

behavior is associated with the normal nonlinear piezo-
optic behavior. At the same time it is felt that further op-
tical, dielectric, and x-ray studies are necessary before we
can definitely conclude that the unusual piezo-optic
behavior above 9 kbars is due to a phase transition. Final-
ly it may be mentioned that the pressure derivative of the
refractive index dn /dp is almost of the same magnitude
as those of alkali fluorides such as LiF and NaF (see
Table I).

B. Pressure dependence of dielectric constant

The effect of hydrostatic pressure on the dielectric con-
stant has been investigated up to 1 kbar using a square

specimen 10X 10X0.5 mm® in dimensions with gold-
sputtered electrodes. Capacitance was measured by a
three-terminal method with an automatic capacitance
bridge (Yokogawa-Hewlett-Packard, 4192A) over the fre-
quency range 1 to 100 kHz. The stray capacitance of the
high-pressure cell used (manufactured by Riken Seiki Co,
Ltd.) is about 0.2 pF, much less than the sample capaci-
tance of 10 pF. No significant dielectric dispersion was
observed in the above frequency range. The initial dielec-
tric constant €” is 6.97 at 10 kHz, measured at p=1 bar.
The value of hydrostatic pressure generated by a conven-
tional oil-pressure hand pump was monitored by a Riken
gauge with an accuracy of +8 bars.

Figure 3 shows the relative permittivity change Ae/e®
of KMgF; with pressure, measured at room temperature
at 10 kHz. The experimental error results mainly from
the readout precision of the capacitance bridge with four
decimal digits. The capacitance change due to the dimen-
sional change with compression was calculated by using
the elastic moduli of Jones.® The dielectric permittivity
decreases gradually with increasing hydrostatic prwsure,
this is quite similar to the behavior in alkali halides'* and
cubic perovskite-type oxides.” The electric-displacement-
related electrostrictive coefficient Q, is obtained from the
pressure derivative of Ae/e® as Q) =0.24 m*C~2, by us-
ing Eq. (5).

It is well known that the low-frequency dielectric con-
stant € (€°=6.97) can be separated into two parts, €, and
€ion» Which originate from the electronic and the ionic po-
larizabilities, respectively. The high-frequency dielectric
constant €4 can be estimated from the optical refractive
index n as

ca=n? [8=(1.404)%] . )

The pressure dependence of €, can, therefore, be derived
from the experimental data in Sec. II A, and is inserted in

TABLE 1. Refractive index n and its pressure derivative an /dp, low-frequency dielectric constant ¢,
electrostrictive coefficient Qy, and bulk modulus x for several alkali fluorides, pervoskite-type oxxda.

and fluorides at room temperature.

Refractive Electrostrictive Bulk
index Relative coefficient modulus -
n %:— permittivity O ' X

Material (A=589.3 nm)  (10~* kbar~") € (m*C-?y (GPa)
LiF 1.392 1.9* 9.06 0.32¢ 65*
NaF 1.328 2.17° 5.08 0.46° 46°
KTaO; 2.252 -114 173¢ 0.045%¢ 230
S$rTiO, 2.407 -0.85° 330 0.0478 1758
KMnF, 1.450* 9.75 0.22" 6S
KMgF, 1.404 2.46 6.97 0.24 75
*A=632.8 nm.

YE. D. D. Schmidt, Ph.D. thesis, Solid State Science, Pennsylvania State University, 1972,
¢J. L. Kirk, Ph.D. thesis, Solid State Science, Pennsylvania State University, 1972.

At 450 K.

*Reference 13.

Reference 14,

SReference 15.

K. Gesi (private communication) and Ref. 16,
iReference 17.

JReference 18.
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FIG. 3. Relative dielectric constant change Ae/€® in KMgF,
with hydrostatic pressure, where € denotes the initial dielectric
constant at p—0 kbar. The An?/e® value which represents the
dielectric constant A€, /€ originating from the electronic polari-
zability is also plotted with a dashed line.

Fig. 3 as a dashed line. The subtraction Ae/€®— An?/e°
gives A€,/€". Taking account of the initial dielectric
constants €u, =5 and €y =2, it is very interesting that the
pressure derivative (Je;,,/0p) is about 30 times as large as
the (3¢.,/0p) value with the opposite sign. This leads to
the conclusion that ionic shifts are the principal contribu-
tion to electrostriction rather than electronic polarizabili-
ty.

I11. DISCUSSION

The refractive index n and its pressure derivative
on /dp, the low-frequency dielectric constant €, the elec-
trostrictive coefficient Q,, and the bulk modulus « of the
fluoroperovskite crystal KMgF; at room temperature are
summarized in Table I, and compared with corresponding
data for several alkali fluorides (LiF, NaF), perovskite ox-
ides (KTa0,, SrTiO;), and KMnF;,

The refractive indices of perovskite-type fluorides are
similar to those of alkali fluorides, and are much smaller
than those of perovskite oxides. Very similar pressure
derivatives are observed for the fluoroperovskites and al-
kali fluorides, in marked contrast to the negative dn /dp
values in oxide perovskites. In conclusion, the high-
frequency dielectric constant ¢, originating from the elec-
tronic polarizability depends mainly on the anion species
(fluorine or oxygen'') and is largely unaffected by the
crystal structure (rocksalt or perovskite type).

On the other hand, the low-frequency dielectric con-
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stant €;,, is dependent on the crystal structure as well as
the ionic species. It is concluded that the electrostrictive
Q) coefficient of fluoroperovskites lies near 0.23 m*C~?,
intermediate between the Q; values of alkali fluorides and
perovskite oxides. In other words, it appears that the elec-
trostrictive coefficient in fluorides is larger than in oxides,
and that the @, value in perovskites is smaller than in
rocksalt compounds. It is important to mention here that
the buik modulus x in fluoroperovskites also lies between
those in alkali fluorides and in perovskite oxides. This in-
terrelation between the electrostrictive coefficients Q, und
the elastic moduli x of fluorides and oxides can be under-
stood on the basis of the discussion presented in our previ-
ous paper.'?

Consider a rigid ion model of the rocksalt structure
with +q and —gq ion species as the simplest case, for
which the ion-pair potential energy is represented by the
following anharmonic function:

AU=U=Ulrg)=flr —rgl—glr—ry), (8)

where r is a distance between a cation and the neighboring
anion, and r, denotes the equilibrium position. Using a
Boltzmann distribution, the averaged induced strain {(x,)
under an applied electric field E, is calculated to be

(x1)=(3gq*/4fr)E} . 9

Taking account of the polarization P, per unit volume of
the form

Py=(g*/Afr})E, , (1)
the electrostrictive coefficient Q,, is given by

Qu=12gr3/fq*. a1

Note here that the hydrostatic Q, is related to the Oy,
coefficient through the Poisson ratio o:

Qh=(l—20)Q“ . (12)

If we assume that f, g, and ry are of the same order of
magnitude for the same crystal structure, the Q, value
will be nearly inversely proportional to the square of the
valence ¢. Since the ratio of the valence of fluorides to
that of oxides is about 3, the electrostrictive coefficient of
fluorides should be about four times larger than that of
oxides. This rough estimation is comparable with the
averaged ratio 0.23/0.046 obtained experimentaily for the
fluoride and oxide perovskites (see Table 1). In a similar
manner a relation between the elastic modulus « and the
Q, value,

cxQy !, (13)

can be obtained.

Detailed calculations taking intu account the crystal-
structure difference and the electronid polarizability (e.g.,
a shell model), will be required for further quantitative
discussions.
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ELECTROSTRICTION IN LEAD LANTHANUM ZIRCONATE TITANATE (PLZT) CERAMICS
Z.Y., Meng®, U. Kumar, and L.E. Cross**
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802
ABSTRACT
Simultaneous measurements of electric polarization and elastic strain
around the high electric field polarizatiom loops in PLZTs of (7, 7.5, 8, 8.8,
9.5) 65:35 and in 8:70:30 show that for compositions where the base state is
macroscopically noampolar, the strains are dominantly electrostri-tive. Both
of the polarization related constants Qll and Q5 are almost independent of
temperature and of the same order as in other perovskites, but decrease in

magnitude with increasing Lay05 content.

I. INTRODUCTION

The properties of lanthanum modified lead zirconate:lead titanate
ceramics (PLZTs) have been mapped over a wide range of compositions by severai
authorsl-s. Much of this investigation has centered upop compositioms with
zirconia:titania ratio 65/35 because of the interesting
rhombohedral: tetragonal ferroelectric:ferroelectric phase change near this
composition. BHowever, data still appear to be lacking upon the shape changes
accompanying polarization in these compositionms, and their possible
interpretation in terms of the electrostriction constants of the parent phase.

The present study is concerned with an examination of the elastic strains
accompanying changes of polarization induced by electric fizlds in PLZT
ceranics with compositions (7, 7.5, 8, 8.8, 9.5) 65:35 and &/70/30. The
longitudinal and transverse strains were measured as a function of applied

electric field at various frequencies and temperaturss, Polarization changes
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induced by the field were measured at the same time. It was the objective of
this study to see how well the strain changes could be modelled om the basis
of a simple polarization related electrostriction, and if as in the relaxor
ferroelectric lead magnesium niobate4, the coanstants Q5 and Qq4 for

longitudinal and transverse effects would be largely independent of

temperature,

II. EXPERIMENTAL METEODS
The ceramic samples used in these studies were supplied from several
different sources. Materials with composition (7, 7.5) 65:35 and 8:70:30 were
from Honeywell Company. Fabricated by mixed oxide processing abd umiaxial hot
pressings. The 8:65:35 and 8.8:65:35 compositions were from the Shanghai
Institute of Ceramics and were chemically prepared and hot pressed to optical

transparencys. The 9.5:65:35 is a standard Motorola Companmy slim loop ceramic

fabricated by a part chemical mixing7, again being hot pressed to theoretical
density and optical tramsparency.

All samples were cut to rectangular bar shape ~4x7x1Z mm using a wire
saw, then ground and polished to final dimensions. After processiang and
c¢leaning, the samples were annealed at 600°C for 2 hours to remove residual
stress then slow cooled to room temperature. Electrodes used were of
sputtered gold.

In order to explore electrostriction behavior strain and polarization
were measured simultaneously under slow cyclic field drive., Both longitudinal
and transverse strain were measured using a bonded strain guage technique&
The polyimid foil guage (Kyowa XFH-02-Cl-11) was bonded to the sample surface
using a Kyowa PC-6 cement., Guage resistance was measured using a DC double

bridge method. At room temperature, the trapsverse strain was clhecked DY

Jirect dilatometer methbods using a linear variable differential transfcrmer,
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i.e. LVDT guage (Schaevitz 050 MHR 602), For all measurements, strain gﬁage

and LVDT methods agreed to better than +10%.

Dielectric polarization figures were measured using a modified Sawyer and
Tower method9 reading out into a Nicolet sampling digital oscilloscope and
strip chart recorder.

Before each measurement, at a specific temperature, the sample was
freshly de—aged by heating to a temperature well above the dielectric maximum.
Tais de-aging was found to be essential for obtaiming reproducible :u

measurements.

4
ITI. RESULTS AND DISCUSSION y

Detailed polarization and strain data were recorded for several samples

at each cogposition temperature and frequency. For brevity only
representative data will be shown for samples exhibiting typical response. ;j
Such typical strain respounse curves for transverse strain sy, for PLZT
7.5:65:35 and longitudinal strain sy; for 8.8:65:35 are shown in Fignres 1 and

2 for several fixed temperatures encompassing the permittivity maximum and the

depoling transition temperature, Hysteresis loops for the same temperatures

are shown in Figures 3 and 4.
When the temperature is well below the Curie range, the strain curves are
the typical butterfly shape expected for polarization reversal in a pormal

ferroelectric. As the temperature approaches that of the Curie maximum,

however, the loops become very thin, and the strain minima move together. In
the region of temperature between the eroling transition (a-f change and the
‘ Curie maximum, the ceramics can be poled to a strong 'ferroelectric like’
level, but there is no stable remanence, i.e. a bigh electric field can

enforce a macroscopically ferroelectric state with a corresponding lattice
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strain, but both strain and polarization decay to zero on removal of the
field.

To obtain a measure of the electrostrictive Q comnstants ianduced
longitudinal and transverse strains at room temperature are plotted in Figure
S and 6, respectively, as a function of the square of the electric
polarization read off from the hysteresis loop for 7.5 and 8.5:65:35 and
8:70:30 PLZTs. The straight lines evident, which pass through the origin
clearly confirm the dominantly electrostrictive character of the strain with
s11 = Qllp% and sq9 = QIZP% yielding the values for Qyq and Q5 listed in
Table 1. The values are in reasonable accord with the general order 1-1672
observed in most perovskite ferroelectrics and Qll is 1 to 2 £ Q75 as expected.

To check the temperature dependence of the Qg, plots of polarization
squared vs strain taken at a series of different temperatures are superposed

in Figures 7 and 8 for 8.8:65:35 and 8:70:30 compositions respectively.

Except for the temperature of -50°C and -80°C in the 8.8:65:35 composition,
the curves superpose remarkably well and demonstrate the near temperature
independence of both Qll and Qq5 across the whole relaxation region of the
maximum in dielectric response as evidenced in Figure 9.

It may be noted that even in the low temperature curves for the 8.8:65:35
compositions in Figure 7, the slope is the same, but the zero of strain
appears to have been offset. We believe that the enhanced strain at these
temperatures may be due to a ferroelectric mechanmism of polarization
reorientation in which the Ps vector rotates through intermediate domain
orientations. In this case the zero in measured Pl may correspond to am array
of domain polarizations which are dominantly in the 23 (yz) plane. Such a fan
of polar domains would contribute a spurious elongation to ftke meastred zero
polarization base state in the 2 or 3 directions, and thus to ar offset in the

zero and an arparent increase in the measured comtraction sq+ induced by tke
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field. Indirect evideance that unlike the higher temperatures where

polarization breaks up inmto random micro regioms, the low temperature

switching is by a direct ferroelectric domain reorientation.
Frequency dependence of the induced strain has been measured over the

range from 0.02 to 0.3 Hz. Typical data for the 7.5:65:35 composition is

! given in Figure 10. Evidently there is no strong frequency dependence in tie )
F temperature range of the diffuse phase chanze for these low frequencies.

- From the data in Table 1, there does appear to be a teandency for the Q y
? constants to decrease with increasing L3203 conceatration in these PLZTs and !

this would be expected on the model of other relazxor compositions(lo).

PO VP S

E IV. SUMMARY AND CONCLUSIONS

The most important results from these measurements are that the elastic

PR

strains associated with the development of polarizationm in this whole range of
PLZT ceramics are electrostrictive in origin. It is startling to find that

the electrostriction constants @y, and Qy, are independent of temperature

PIE T W W e |

across the whole range of the diffuse phase transition about the maximum in
dielectric permittivity. Only at low temperatures do these materials give
evidence of departure from simple electrostrictive behavior which can be

explained by ‘normal’ ferroelectric domain switching.
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Table I. Electrostrictive Coefficients for PLZT Ceramics at Room Temperature.

Compositions Q,, (1073 u4/c?) qy, (1073 u4/c?)

7:65:35 22.5 -11.5
7.5:65:35 16.3 -8.7
8:65:358 18.3 -8.1
8.8:65:35 21.2 -9.5

9.5:65:35 21.0 -9.1

8:70:30 9.7 -7.5
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Figure 1. Transverse strain sy, vs electric field for PLZT 7.5:65:35 for
several fixed temperatures.
Figure 2. Longitudinal strain sy vs electric field for PLZT 8.8/65/35 for
several fixed temperatures. .
Figure 3. Hyiteresis loops for PLZT 7.5:65:35 corresponding to the strain
curves shown in Figure 1.
Figure 4. Bysteresis loops for PLZT 8.8:65:35 corresponding to the strain
curves shown in Figure 2.
Figure 5. Transverse strain s;5 vs square of polarization P in 7.5:65:35,
8.8:65:35 and 8:70:30 compositions at room temperature.

Figure 6. Longitudinal strain syq vs square of polarization P ia 7.5:65:38,

8.8:65:35 and 8:70:30 compositioms at room temperature.
Figure 7. Polarization squared P vs longitudinal strain s;; taken at a
h series of different temperatures for 8.5:65:35 composition. )
: Figure 8. Pola_rization~squared P vs transverse strain sy, taken at 2 series

L of different temperatures for 8:70:30 composition.

Figure 9. Temperature dependence of the electrostriction Qq; and Q4 for
7.5:65:35 and 8:70:30 PLZTs.
Figure 10. Frequency dependence of the induced strain for 7.5:65:35

composition.
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